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Abstract
In recent years nutrition has become a contemporary subject with increased apprehension 
over the adequate intake of minerals countered by the concern over the inadvertent consumption 
of contaminants such as heavy metals (lead, cadmium and mercury) and pesticides (organochlorine 
and organophosphorus).
The advent of neutron activation analysis (NAA), has led to the widespread acceptance 
of multielemental techniques for the analysis of biological matrices. Inductively coupled plasma 
mass spectrometry (ICP-MS) is a relatively new technique which in the last decade has gained 
recognition for its multielemental capabilities. This thesis deals with the application of ICP-MS 
for the determination of essential, non-essential and toxic elements namely, sodium, magnesium, 
calcium, manganese, iron, vanadium, chromium, nickel, cobalt, copper, zinc, rubidium, 
strontium, caesium, molybdenum, cadmium and lead in food matrices; breakfast cereal 
(wholewheat, wheatbran, rice, oats, corn), flour (white, brown, wholemeal, organic) and fresh 
milk (full fat, semi-skimmed, skimmed, enriched, organic) samples.
Wet and dry mineralization procedures have been examined throughout the course of this 
study, but losses were incurred in utilizing the dry ashing procedures for both cereal and milk 
matrices. Consequently, wet digestion techniques using HNO3  for the cereals and a mixture of 
HNO3 , HCIO4  and H2 O2  for the milks were employed. Elemental recoveries from both cereal and 
milk matrices were found to excellent and generally ranged from 80.7% for manganese to 
115.4% for sodium. Matrix interference effects have been examined through standard addition 
studies and observed to be insignificant. Quality control has been maintained throughout, and 
accuracy of results ensured through the use of the international standard reference materials, 
NISTiSRM 1567a Wheat Flour (for zinc typically, 11.6 ±  0.4 certified compared with 11.1 ± 
0.1 fjLg g'  ^ calculated) and NIST 1549 Non-Fat Milk Powder (for iron typically, 1.78 ± 0 . 1  
certified compared with 1.75 ±  0.4 fig g'^  calculated).
The results obtained from the elemental study indicate that the wheat-based breakfast 
cereals were richer in mineral content which is in agreement with previously published data. 
However, no significant differences were found between the individual varieties of flour and 
similarly no conclusive differences in the elemental composition of the milks was observed.
The Ministry of Agriculture Fisheries and Food publishes figures for the estimated weight 
of food eaten per person per day, and the Department of Health issues recommended nutrient 
intake values (RNI), which include data for essential minerals. Employing these figures and the
data obtained from the elemental studies of the milk and cereal food groups, estimates of the 
individual intake of essential elements have been obtained. Results indicate that wheat based 
cereals are the most nutritious and based on this matrix, the consumption of ready-to-eat breakfast 
cereals on average yield 1.9% (calcium) to 57.0% (magnesium) of the recommended intakes; 
flours 0.1% (sodium) to 43.2% (zinc); and milk 0.6% (iron) to 72.4% (calcium). The intake of 
the elemental contaminants was in line with documented reports; cadmium < 8  ^g day'^ and lead 
13 /xg day'L
Investigations into the contamination of both cereals and milks by organophosphorus 
pesticide residues have been carried out, using gas chromatography with flame photometric 
detection. Documented analysis procedures were observed to employ vast quantities of solvent 
and were found to be extremely time consuming. In order to minimize analysis times and reduce 
the quantity of chemicals used, analytical procedures have been developed employing solid phase 
extraction. Cereal matrices are extracted directly with hexane, concentrated by rotary evaporation 
and then passed through acetone pre-conditioned aminopropyl solid phase extraction cartridges, 
to eliminate the bulk matrix. Interference effects from this method were observed to be minimal 
and recoveries excellent for this particular matrix (78 - 92%).
Milk samples were precipitated using acetone, filtered and diluted with a saturated 
solution of NaCl. The resulting solution was partitioned using a hexane-acetonitrile mixture to 
eliminate the lipid content of the milk samples. Resultant solutions were concentrated to a volume 
of approximately 3 ml, diluted with water and passed through methanol pre-conditioned C^ g 
bonded silica cartridges. The adsorbed pesticides were eluted with methanol. The developed 
method, reduced sample preparation times, yielded no significant interferences and recoveries 
were good (74 - 91%) for all the organophosphorus pesticides, with the exception of dichlorvos 
(64%).
The pesticide contamination of the matrices analyzed was found to be limited to bran- 
based cereals and observed levels were significantly lower (approximately 1000 fold) than U.K. 
maximum residue limits set by MAFF. Estimated dietary intakes from the consumption of ready- 
to-eat breakfast cereals were in line with U.K. Total Diet Studies; etrimfos <  29 ng g'^  and 
pirimiphos-methyl < 13 ng g '\
The contamination of milk and cereal matrices by organophosphorus pesticide residues 
was below the detection limits of the instrument.
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For this, indeed, is the true source o f our ignorance 
the fa c t that our knowledge can only be finite, 
while our ignorance must necessarily be infinite.
Sir Karl Popper (1902 -  )
CHAPTER I INTRODUCTION
1.1 T he C om position o f Food
Adequate nutrition is the requirement of each individual to sustain growth and 
development and maintain health throughout the life cycle. Prior to birth, the fetus must draw 
its requirements from maternal nutrient supplies and this process continues where the mother 
chooses to breast feed. However ultimately, an external food supply provides the continuous 
nutritional support required to preserve life.
Food is considered to be any substance which, when eaten and absorbed by the body, 
produces energy, promotes growth and repair of tissues or regulates these processes [Fox, 
1989]. No single food is able to contribute sufficient amounts of all the nutrients needed to 
ensure optimum health and therefore, a variety of foods are required to nourish the human 
body. Since different foods have widely differing nutritional contents a diet which provides 
all nutrients in adequate quantities must be consumed. In order to select an adequate diet, 
information on the nutritive value of the available foods is required to enable consumers to 
judge their potential in meeting nutritional requirements. Attempts to translate scientific 
knowledge of nutrient needs into food guides date back to 1916. The belief that humans 
require specific categories of nutrients (proteins, carbohydrates, fats, minerals, vitamins and 
water) led to assurances that if foods containing these nutrients were included in the diet, then 
a healthy nutritional status would be maintained.
In 1956 the United States Department of Agriculture (USDA) recommended a four 
group plan presented as the "Essentials o f an Adequate Diet". The purpose of the basic four 
was to translate scientific knowledge about nutritional requirements and the composition of 
foods, into a workable plan. Research confirmed that when all four groups are present in the 
recommended number of servings, resulting diets have a nutrient content over 80% of the 
dietary reference values [Guthrie, 1986]. In 1979, in response to criticisms of the Basic 
Four, the USD A published a slightly modified version known as the Hassle-Free Guide. This 
guide dealt with concerns about micronutrients by emphasizing whole-grain rather than 
enriched cereals and stressing legumes as a reasonable substitute in the protein group. The 
American Red Cross in collaboration with the USD A, in 1984, promoted a food guidance 
plan to meet total nutrient needs called the Food Wheel. This included five major groups in 
which fruit and vegetables were each treated separately, with a sixth group, alcohol, fats and 
confectionery to be used in moderation. Table 1.1 summarizes the changes in nutritional 
requirements over this period.
Table 1.1 The Essentials of an Adequate Diet [Guthrie, 1986]
BASIC FOUR 
1956
HASSLE-FREE FOOD GUIDE 
1979
FOOD WHEEL 
1984
Milk and milk products (2) Milk-cheese group (2) Milk, cheese, yoghurt (2)
Meat, fish, poultry, eggs (2) Meat, poultry, fish, beans, eggs (2) Meat, fish, poultry, eggs (2-3)
Fruit and Vegetables (4) Bread and cereals (4) Bread, grain cereals (6-11)
Bread, flour, cereals (4) Fats, confectionery, alcohol (*) Fruit (2-4)
Vegetables (3-5)
Fats, confectionery, alcohol (*)
The recommended number of servings per day are bracketed. 
(*) In moderation
1.1.1 Food and Nutrition
The study of nutrition is broadly defined as "The science o f food, nutrients and other 
substances therein, their actions, interactions and balance in relation to health, disease; and 
the processes by which the organism ingests, digests, absorbs, transports, utilizes and excretes 
food substances" [Brown, 1990]. Nutrients are chemical constituents of food which regulate 
bodily processes. Six categories of nutrients are commonly present in the diet of healthy 
people; carbohydrates, lipids, protein, water, vitamins and minerals. These essential nutrients, 
which are indispensable to life processes and not synthesized within the body are obtainable 
from the diet only.
Requirements of a nutrient differ from one individual to another and may also change 
with alterations in the composition and nature of the diet as a whole. These alterations may 
effect the efficiency with which nutrients are absorbed and/or utilized. Classically the nutrient 
requirement of an individual has been the amount of that nutrient required to maintain health 
and below which signs of deficiency may develop. Although this must always be an important 
element in defining a requirement, it has been argued that societies should expect more than 
the basic need to avoid deficiency, and that some allowance should be made, where 
appropriate, for a degree of storage of the nutrient to allow for periods of low intake or high 
demand without being detrimental to health. However, exceeding bodily requirements is likely 
to induce toxic effects, by chemically inducing an alteration in structure and/or function 
resulting in an adverse or malfunctional response [Rose, 1983].
1.1.2 The Safety of the Food Supply
The provision of an adequate, safe and nutritious food supply is a major factor in the 
survival of mankind. As populations have increased and agriculture and food technology 
advanced, the problems in ensuring that this need is met have become more complex. The 
ever-increasing concentration of the sources of food throughout the world and the associated 
distribution problems have led to changes in the diet. The need to store foods for long periods 
and the need for the prevention of decomposition, insect infestation and bacterial 
contamination has necessitated the introduction of methods of preservation. The improved 
conditions in food production have been made possible through the use of pesticides, 
fungicides, plant growth regulators and many veterinary drugs [Middlekauff, 1989].
Today the food that we consume contains many substances that are neither nourishing 
nor otherwise valuable, alongside innumerable toxic substances. These toxins may be the 
result of natural and microbial toxins already present in food; residues arising from the 
application of chemicals to living plants and animals, that subsequently enter the food chain; 
or toxic contaminants such as lead, cadmium and mercury which are acquired from 
processing, preservation or cooking conditions. [Coultate, 1988].
The maintenance of the safety of the food supply is an essential function of the State. 
The food industry has a statutory obligation to provide safe, wholesome food for its 
customers, but it is the duty of each government to ensure that satisfactory methods and 
understanding exist to fulfil this obligation. Increasing public awareness in which foods should 
be ingested for optimal health is very evident, with widespread interest in calories, 
cholesterol, fat and sugar. Apprehension about minerals, vitamins and proteins focuses on the 
complexities of the interactions between them and questions about their sources. Much 
concern has been focused on chemicals in the food chain; agrochemicals, post-harvest dips 
or sprays, approved additives and environmental contaminants [Creaser, 1991]. Public 
awareness of the importance of safe, highly nutritious food has never been higher and 
consumers are actively seeking factual information and reassurance about the safety of their 
diets and of the individual foods they consume.
1.2 The Elements: An Overview
All elements, with the exception of some of higher atomic mass, originate from the 
earths crust, from where they enter the water supply, plants and animals. Traditionally the 
elements have been categorized into so-called major and trace elements and these terms are
still retained as they provide a means of classification. There are 109 known elements, of 
which eleven (O, C, H, N, Ca, P, K, Na, S, Cl and Mg) are present in substantial quantities 
in the body and are commonly known as the major or bulk elements. The first four elements 
account for 96% of the total elemental mass of an organism, while the rest make up about 
3.6%. The remaining 0.4% is attributable to the other elements that occur in minute 
quantities. These elements are present in living tissues in such small quantities that early 
workers were unable to measure their precise concentrations with the analytical methods then, 
available. As a consequence the classification of "trace elements" arose [Underwood, 1977]. 
This designation has remained in popular usage despite the fact that many of the trace 
elements can now be estimated with greater accuracy and precision.
The elements are further categorized into essential, non-essential and toxic elements. 
This classification may be of limited value as all elements are toxic in high concentrations 
giving rise to variations in physiological processes, abnormal growth, diseases and death. 
Figure 1.1 illustrates the dose-effect relationship for the intake of elements. It consists of 
three specific ranges in which the intermediate defines optimum intake of an element, while 
deficiency and excesses may both prove fatal.
Figure 1.1 An Illustration of the Dose-Effect Relationship of the Intake of Elements 
[Rose, 1983]
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To date, fifteen of the trace elements (As, Co, Cr, Cu, F, Fe, I, Mn, Mo, Ni, Se, 
Si, Sn, V and Zn) and all the major elements are considered to be essential to life 
[Chowdhury, 1987; Golden; 1982; Underwood, 1977]. A widely accepted definition of an 
essential element, is, "An element is essential when a deficient intake consistently results in 
an impairment o f a function from optimal to sub-optimal and when supplementation with 
physiological levels o f this element, but not others, prevents or cures this impairment" 
[Mertz, 1981]. This definition is clarified further by Cotzias; in order for an element to be 
essential it must meet the following criteria [Cotzias, 1967].
(a) It should be present in all healthy tissues of all healthy things.
(b) Its concentration in these tissues must be fairly constant.
(c) Its withdrawal from the body induces reproducibly the same physiological 
and structural abnormalities regardless of the species studied.
(d) Its addition either reverses or prevents those abnormalities.
(e) The abnormalities induced by deficiency are always accompanied by specific 
biochemical changes.
(f) The biochemical changes can be prevented or cured when the deficiency is 
prevented or cured.
For elements such as Ag, B, Ba, Be, Rb, Sb, Sr, Ti and Zr no conclusive evidence 
as to their essentiality or toxicity has been established. These elements occur more or less 
constantly, in variable concentrations in living tissues and are believed to have been acquired 
by the animal body from environmental sources.
Toxicity is an inherent characteristic of all elements, if ingested or inhaled at 
sufficiently high levels and for prolonged periods [Underwood, 1977]. Hence, toxicity is a 
function of concentrations to which living organisms are exposed. The heavy metals, such as 
Pb, Cd and Hg are especially detrimental to human health. The recent increase in industrial 
and synthetic activities has caused their gradual redistribution and subsequent contamination 
of the environment and food supply [Sandstead, 1985]. Elemental toxicity is discussed 
further in Section 1.2.1.3.
A logical, permanent classification of the trace elements, other than by chemical 
characteristics is impossible. It has been repeatedly proved that the existing arbitrary 
classification of essential and toxic elements [Prasad, 1982; Mertz, 1987] is inadequate, as 
elements have shifted from the latter category to the former. It is evident that the essentiality
of an element reflects the state of knowledge at a certain point in time. Today the discovery 
of essential minerals continues with increased knowledge and improved analytical capabilities. 
For example, elements such as Li, B and A1 are under review. Figure 1.2 illustrates the 
established essential elements.
Figure 1.2 The Elements of the Periodic Table
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The essential elements are highlighted in Table 1.2.
1.2.1 The Functions and Health Implications of the Elements
In the last two decades considerable scientific work has been conducted on the 
biological significance of the elements and in explaining the ways in which they function in 
bodily systems. The essential elements serve a variety of functions including structural, 
regulatory or transportational. Their roles are dependant upon their chemical form and 
location in fluids and tissues of the body. Extensive investigations of the effects of elemental 
deficiencies during the prenatal or perinatal period has occurred only relatively recently. One 
of the earliest recognized relationships was that of iodine deficiency and the thyroid gland.
which is associated in the adult with goitre and in the fetus with cretinism [Russel, 1981]. 
Iron deficiency and its associated anaemia is one of the most prevalent nutritional deficiencies 
worldwide [Stanaway, 1987], while zinc deficiency has been linked to dwarfism [Prasad, 
1982]. Deficiencies of the essential elements will be discussed in the following sections, but 
generally, they result in the impaired function of bodily systems and in extreme cases death.
1.2.1.1 The Bulk Elements
Deficiencies of O, C, H, N and S are unlikely due to their abundance in 
carbohydrates, proteins, fats, water and air, all of which are consumed in vast quantities. 
Calcium is the most abundant mineral in the body and approximately 99% is involved 
structurally in the maintenance of the skeleton and teeth. The remaining one percent is present 
in tissues and fluids, where it is vital for cellular structure, inter or intracellular metabolic 
function and signal transmission. Total plasma Ca is regulated through intestinal absorption, 
renal loss and deposition or mobilization of Ca from bone. Deficiencies result in muscle 
spasms and more seriously arthritis, osteoporosis and heart disease, while excessive intakes 
may cause gastrointestinal disturbances [Hartz, 1986] and hypercalcemia. Dietary sources are 
mainly milk and milk products.
Phosphorus in the human body is mainly present in bones, as a Ca salt that gives 
rigidity to the skeleton. The remaining P exists in soft tissues as inorganic phosphate and as 
a constituent of all the major classes of biochemical compounds. The energy that drives most 
metabolic processes is derived from the phosphate bonds of adenosine triphosphate (ATP) and 
other high energy phosphate compounds [Department of Health, 1991]. Plasma 
concentrations of P are regulated by excretion; at low P intakes, plasma P intakes fall and 
urinary excretion is reduced. High intakes of P produce muscle tetany, although adults 
tolerate an intake of up to 2 g. Phosphorus is a major constituent of all plant and animal cells 
and as a consequence deficiency is rare [Cataldo, 1992].
The importance of magnesium lies in its role in skeletal development and in the 
maintenance of electrical potential in nerve and muscle membranes. Mg acts as a co-factor 
for enzymes requiring ATP, in the replication of DNA and the synthesis of RNA [Marshall, 
1976]. Excretion of excess magnesium occurs mainly through the kidneys, but intakes 
exceeding 2 g pass through the intestine unabsorbed. Mg deficiency is characterized by 
progressive muscle weakness, failure to thrive, neuromuscular dysfunction, coma and death 
[Foy, 1980]. Excessive intakes of Mg do not appear to be toxic, as the body’s metabolic 
pathways increase the levels excreted. Dietary sources include legumes, nuts and grains.
Sodium, potassium and chloride are collectively known as the electrolyte minerals. 
Na is the principal cation in extracellular fluid where it exists in its ionized state. It is 
involved in the regulation of the acid-alkali balances, the conductive capacity of the nerves, 
muscle contractions and the production of adrenaline and amino acids [Guthrie, 1986]. 
Intestinal Na absorption is virtually complete and its concentration in extracellular fluid (ECF) 
is maintained by renal excretion and conservation. Regulation of the Na content of ECF is 
closely related to the systemic control of the ECF volume. If the Na body burden is 
increased, water is retained and the ECF volume increases, conversely, if the body Na burden 
falls the ECF volume decreases [Department of Health, 1991]. Sodium deficiency is 
extremely rare as the body’s daily requirements are exceeded many times. Almost 50% of 
Na is obtained from processed foods, 40% from salt added to food during preparation and 
only 12% from natural sources [Glieberman, 1973]. High dietary intakes of Na appear to 
play a critical role in the development of hypertension.
Potassium is predominantly an intracellular cation and its primary role in the body 
is in maintaining appropriate levels of fluid within the cells. Potassium is also required for 
the normal functioning of nerves and muscles, sugar metabolism and oxygen metabolism in 
the brain [Patrick, 1977]. The correct K balance is necessary to avoid arrhythmia and the 
damage that ensues from such abnormal rhythms. Deficiency manifests itself through fatigue, 
muscle weakness, fluid accumulations, constipation and disorders of the nervous system and 
kidneys. High levels of K may originate from excessive water loss (vomiting or diarrhoea) 
and is characterized by symptoms of weakness, drowsiness and arrhythmia. Toxicity as a 
consequence of dietary intake is unlikely, however heart failure may result from excessive 
supplementation [National Academy of Sciences, 1980]. Dietary sources of K include fruit 
and vegetables, but it is widely distributed throughout foods.
Chloride is the major extracellular and intracellular anion to Na and K, with 70% of 
the body burden in ECF and the remainder in connective tissue and bone [Pitts, 1968]. It is 
absorbed passively in the intestine. The primary dietary source of chloride is table salt, but 
the body is able to adapt to wide fluctuations in chloride intake. Dietary Cl deficiency has 
only been observed in healthy children fed an infant formula containing less than 71 mg T* 
[Rodriguez-Soriano, 1983].
Table 1.2 The Sources, Functions and Deficiency Effects of the Essential Trace Elements
Element Dietary Sources Functions Deficiency and Excess Effects
Fe Liver, fortified 
cereals, prune
Component of haemoglobin and 
enzyme systems, involved in oxygen 
and electron transport
Deficiency causes anaemia, while excess 
results in haemochromatosis
I Milk, seafood and 
iodised table salt
Constituent of thyroid hormones 
necessary for maintaining metabolic 
rate and cellular metabolism
Deficiency results in goitre and depressed 
thyroid function, excess leads to thyrotoxicosis
Cu Liver, oysters Linked to the oxidative enzymes 
cytochrome oxidase and super oxide 
dismutase
Deficiency in infants causes leucopenia and bone 
fragility, severe deficiencies result in anaemia, 
reduced growth, excess linked to Wilson’s disease
Mn Grains, cereals 
and teas
Component of many enzymes and 
activates many other enzymes e.g. 
hydrolases, kinases
Human deficiency has not been observed. Excessive 
intakes through inhalation, produce liver damage and 
muscle spasms
Zn Liver, beef, crab 
and fortified 
cereals
Component of a number of enzymes 
in which it has structural, 
regulatory or catalytic roles
Deficiency effects includegrowth retardationanddefects 
of rapidly dividing tissues suchas skin, intestinal mucosa 
and the immune system, excess raises cholesterol levels
Co Green, leafy 
vegetables
Component of vitamin B12 and 
functions include, the synthesis of 
DNA, production of red blood cells
Deficiency of vitamin B12 causes pernicious anaemia, 
while excessive doses of Co produce effects including 
goitre, hypothyroidism and heart failure
Mo Widely distributed 
in plants and 
animal tissues
Essential for the enzymes involved 
in the metabolism of DNA and 
sulphites
Deficiency leads to irritability, lack of uric acid 
and coma, excess causes gout and increased Cu 
excretion
Se Lobster, tuna, 
shrimp and liver
Component of glutathione peroxidase 
preserves normal liver function and 
acts as an anti-inflammatory agent
Deficiency induces an increased risk of cancer and 
causes Keslmn disease. Se overdoses result in hair losses, 
gastrointestinal upset, weakness and liver damage
Cr Brewer’s yeast 
whole grains 
and legumes
Metabolises fat and cholesterol and 
acts as the glucose tolerance factor, 
which stimulates insulin
Deficiency impairs glucose tolerance and is suspected 
to cause heart disease, severe deficiency produces a 
diabetic-like state, excess is linked to eczema and cancer
Sn Intake exceeds 
requirements
Functions are believed to be linked 
to stimulating the transcription of 
RNA, DNA and protein synthesis
Excess causes anaemia and growth retardation
Ni Nuts leguminous 
seeds, shellfish
Antagonistic action to adrenaline, 
intensifying the action of insulin 
stabilising RNA and DNA in tissues
Deficiency results in depressed growth and haemopoiesis, 
excess exposure causes eczema and has been linked to 
cancer
V Dill seed and 
black pepper
Functions in growth, fat metabolism 
blood production
Deficiency impairs red cell production and results in 
a lack of growth of bones, teeth and cartilage, excess 
leads to kidney failure and appetite loss
F Fluoridated water, 
milk, spinach and 
eggs
Induces strength in bones and teeth 
(in children F acts as an anti- 
cariogenic agent)
Deficiency leads to an increased susceptibility to tooth 
decay, anaemia, infertility and osteoporosis and excess 
leads to fluorosis, depressed appetite and osteo-sclerosis
Si MiUc, Vegetables Important for strength and elasticity Deficiency leads to bone abnormalities
As Fish, seafoods Believed to be essential for growth Deficiency effects are unknown, excess can be fatal
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1.2,1,3 The Toxic Elements
The inherent toxicity of Cd, Pb and Hg is well recognized and no definitive 
essentiality has been established for these elements [Department of Health, 1991]. Cadmium 
is widely distributed throughout the ecosystem from industrial volatilization and by the 
application of fertilizers, from which it settles into the soil and water. There are no known 
biological functions of Cd, except that of interference, inhibition and toxicity. However, the 
USDA allowed for Cd deficiency in their 1980 Recommended Dietary Allowances, as 
inducing impaired growth, reproduction or pathological changes in several animal species 
[National Academy of Sciences, 1980]. The toxic effects of Cd are related to its 
concentration in the kidneys, which causes damage ranging from high blood pressure to 
kidney failure. This is attributable to Cd competing with Zn for binding sites in various 
enzymes and other proteins. As the kidney is rich in zinc-containing enzymes Cd inhibits their 
action and interferes with kidney function [Kagi, I960].
Lead is considered to be the most hazardous of pollutants. Although other elements 
may be more toxic poisons, Pb contamination is extremely widespread throughout the 
environment. Present day levels of Pb in food, water and air are clearly elevated in 
comparison to levels before the introduction of lead technology [Rose, 1983]. The toxicity 
of Pb is attributed to its affinity for ligands, which results in strong binding to biological 
membranes and proteins, resulting in disruption of the membrane transport processes, enzyme 
inhibition and the interference of numerous metabolic pathways. Lead acts as an antagonist 
for the metabolism of Ca, Zn, Mg, Cu, Fe and I and the neurotoxic properties of Pb lead to 
disturbances in behaviour, intelligence and learning abilities [Murphy, 1991]. In its most fatal 
form Pb may lead to encephalopathy (any disease of the brain) [Larmo, 1981].
Mercury occurs widely in the biosphere and has long been known as a toxic element 
presenting hazards through both ingestion and inhalation. The toxic properties of Hg have 
invoked increasing concern due to its application in industry and agriculture. The 
manifestations of mercury vapour poisoning are primarily neurological, with tremors, vertigo, 
irritability and depression. The alkyl derivatives of the element are more toxic than other 
chemical forms, as is typical of most trace elements, and enter the food chain through the 
activity of microorganisms [Chang, 1983]. When ingested as the alkyl derivative, the 
symptoms include progressive incoordination, loss of vision and hearing and mental 
deterioration [Passwater, 1983]. Other elements considered to be acutely toxic include Be, 
As, Ni, Se, and Te. However it must be noted that essentiality has also been established for 
some of these elements and toxicity must therefore be a function of the levels of exposure.
12
1.2.2 The Dietary Effects of Food Processing
Food processing commonly involves one or more of the following conditions: wet or 
dry heat treatment (e.g. in canning or drying), freezing, change in pH (as in pickling), 
chemical or microbiological modification (e.g. the addition of additives or microbial 
fermentation), change in osmotic potential (e.g. brining, dry salting, addition of sugar or 
evaporation) or the exclusion of air. A number of these processes are known to affect mineral 
absorption.
Heating is one of the most important forms of processing. The Maillard browning 
reactions which occur during heating produce chemical species capable of forming hydrolysis- 
resistant metal complexes [Greger, 1987]. Heat, oxidizing conditions and alkaline pH all 
serve to accelerate the processes leading to the formation of these mineral compounds. In the 
case of Fe, soluble hydrated Fe salts are able to dehydrate, becoming less soluble or forming 
insoluble hydroxides with time. These progress through polymerization, gelation and 
hardening to form increasingly ordered refractile substances, a process described as "aging" 
[Clydesdale, 1988]. As the compound becomes more ordered, it becomes more resistant to 
dissolution, even under acidic conditions and eventually becomes irreversibly insoluble. 
Evidence exists that other mineral complexes such as calcium polyphosphates form refractile 
compounds in a similar way. Gastric conditions are inadequate to solubilize any but the lightly 
complexed gels.
Fermentation reportedly increases the Fe bioavailability from soya beans. This is 
partly due to chemical changes of the fibre content resulting in the release of minerals and 
partly by lowering the pH. The latter increases mineral solubility and reduces the mineral- 
binding capacity of the fibre. Baking also improves the mineral availability due to the 
hydrolysis of phytate by yeast [Erdman, 1981]. However toasting and boiling have been 
shown to reduce mineral availability in the presence of fibre [Camire, 1981]. The milling 
process of grain results in the removal of the germ and outer husk of the wheat, with the 
resultant loss of the greater quantity of minerals.
The current trend towards processed food results in significant losses of the elements, 
although the most dramatic losses occur as a consequence of refining processes. Table 1.3 
illustrates the losses incurred in processing wholemeal flour to white flour [Stanaway, 1987]. 
Other processes which result in the loss of these nutrients include freezing and the subsequent 
thawing. Pressure cooking foods or vigorous heating removes some of the trace elements, 
along with peeling foods and discarding the outer leaves of vegetables.
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Table 1.3 Trace Element Losses (%) from Foodstuffs due to Refining Processes 
[Stanaway, 1987]
Foodstuff Mg Cr Mn Co Cu Zn Mo Fe Se
Wheat 80 87 88 50 63 75 48 76
Rice 83 75 27 38 25 50
Sugar 99 90 89 88 80 98 75
OU 99 75
Butter 94 50
In summary, processing changes that may improve mineral solubility include: lowered 
pH, reducing conditions and the presence of compounds capable of forming soluble 
complexes. The formulation of food products allows materials to be added that improve 
bioavailability, although additives are rarely added through nutritional considerations.
1.2.3 Elemental Requirements
The minimum requirements, for animals and man, of essential elements are commonly 
expressed in proportions or concentrations of the total dry diet consumed daily. The 
maximum intake of these and other elements that can be tolerated safely, are usually 
expressed similarly [Underwood, 1977]. These requirements or tolerances are arrived at by 
relating growth, health, fertility or other relevant criteria in the animal to varying dietary 
mineral concentrations. The latter are determined by the application of analytical techniques 
that measure the total amounts of the elements in the diet or their component foods. Estimates 
of adequacy or safety also vary with the criteria employed. As the amount of essential 
element available is decreased, due to inadequate intake or depletion of body reserves, certain 
metabolic processes fail in competition of the inadequate supply.
In the United Kingdom dietary reference values (DRV’s) for food energy and 
nutrients have been published by the Department of Health [Department of Health, 1991]. 
These values were established to replace the Recommended Daily Amounts (RDA’s), which 
were defined as "the average amount o f the nutrient which should be provided per head in 
a group o f people i f  the needs o f practically all members o f the group are to be met". The 
Panel on Dietary Reference Values was aware of the continuing potential for misuse and 
misinterpretation of any single figure, however defined. To minimise this and to help users 
to interpret dietary information, a range of intakes based upon the assessment of the
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distribution of requirements for each nutrient were set; the Dietary Reference Values. The 
Panel concluded that this change in approach and nomenclature would reduce the chance of 
misunderstanding the true nature of its figures as estimates of reference values and not as 
recommendations for intakes by individuals or groups.
Although information is usually inadequate to calculate the precise distribution of 
requirements in a group of individuals for a nutrient, it has been assumed to be normally 
distributed (Figure 1.3). This gives a mean requirement or Estimated Average Requirement 
(EAR), b, with the Reference Nutrient Intake as point c in the distribution, that is two 
standard deviations above the EAR. Intakes above this amount will almost certainly be 
adequate. A further value at point a, two standard deviations below the mean, the Lower 
Reference Nutrient Intake (LRNI) represents the lowest intakes which will meet the needs of 
some individuals in the group. Intakes below this level are almost certainly inadequate for 
most individuals.
Figure 1.3 Dietary Reference Values - Definitions [Department of Health, 1991]
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Table 1.4 summarizes the Reference Nutrient Intakes for minerals. The information
from which estimates of requirements have been made can be categorized as follows:
(a) The intakes of a nutrient required to maintain a given circulating level or 
degree of enzyme saturation or tissue concentration.
(b) The intakes of a nutrient by individuals and by groups which are associated
with the absence of any signs of deficiency diseases.
(c) The intakes of a nutrient needed to maintain balance noting that the period
over which such balance needs to be measured differs for different nutrients, 
and between individuals.
(d) The intakes of a nutrient needed to cure clinical signs of deficiency.
(e) The intakes of a nutrient associated with an appropriate biological marker of
nutritional adequacy.
1.2.3.1 Elemental Requirements in Pregnancy
The extent of elemental requirements in pregnancy has yet to be fully determined. 
Many studies conducted in animals have still to be validated for the human population, 
although indications suggest the importance of many elements not included in the DRV’s; 
Ni, V, As and Sn.
Elemental deficiencies and imbalances have been linked to human birth defects, 
neonatal deaths, spontaneous abortions, complications in pregnancy and general poor health 
and psychological development of the child [Rees, 1983]. Mineral requirements of women 
during pregnancy and lactation have been derived on an incremental basis. Preconceptional 
values have been increased to incorporate the metabolic cost of the physiologic processes of 
pregnancy and lactation.
Calcium represents a major requirement during pregnancy, particularly during the 
final stages when bone development becomes rapid. Continued elevated intakes are required 
during the lactation period, as breast milk contains approximately 300 mg Ca in a days supply 
[Chan, 1987]. The requirement for increased Fe intakes for specific physiological processes, 
but in particular those involved in blood manufacture is countered partially by the cessation 
of menstruation. The gut is the major homeostatic organ for Fe and when deficiency arises, 
a greater proportion of dietary Fe is absorbed [Svanberg, 1975].
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Table 1.4 Reference Nutrient Intakes for Minerals (SI Units) [Department of Health, 1991]
Age Ca P Mg Na K Cl Fe Zn Cu Se I
Infants
0-3 months 525 400 55 210 800 320 1.7 4.0 0.2 10 50
4-6 months 525 400 60 280 850 400 4.3 4.0 0.3 13 60
7-9 months 525 400 75 320 700 500 7.8 5.0 0.3 10 60
10-12 months 525 400 80 350 700 500 7.8 5.0 0.3 10 60
1-3 years 350 270 85 500 800 800 6.9 5.0 0.4 15 70
4-6 years 450 350 120 700 1100 1100 6.1 6.5 0.6 20 100
7-10 years 550 450 200 1200 2000 1800 8.7 7.0 0.7 30 110
Males
11-14 years 1000 775 280 1600 3100 2500 11.3 9.0 0.8 45 130
15-18 years 1000 775 300 1600 3500 2500 11.3 9.5 1.0 70 140
19-50 years 700 550 300 1600 3500 2500 8.7 9.5 1.2 75 140
50+ years 700 550 300 1600 3500 2500 8.7 9.5 1.2 75 140
Females
11-14 years 800 625 280 1600 3100 2500 14.8“ 9.0 0.8 45 130
15-18 years 800 625 300 1600 3500 2500 14.8“ 7.0 1.0 60 140
19-50 years 700 550 270 1600 3500 2500 14.8“ 7.0 1.2 60 140
50+ years 700 550 270 1600 3500 2500 8.7 7.0 1.2 60 140
Pr^nancy * * * * * * * * * * *
Lactation
0-4 months +550 +440 +50 * * * * +6.0 +0.3 +  15 *
4 +  months +550 +440 +50 * * * * +2.5 +0.3 +  15 *
Recommended intakes are presented in units of mg ml ', with the exception of Se and I which are in d '. 
No increment
Insufficient for women with high menstrual losses where the most practical way of meeting iron requirements is 
to take iron supplements.
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Zinc deficiency during pregnancy manifests itself in a number of ways, with the most 
striking being growth retardation in humans [Pfeiffer, 1978]. Copper deficiency in a 
premature child has been described as causing lethargy, the failure to gain weight, anaemia 
and increased susceptibility to respiratory tract infections [Castillo-Duran, 1983]. Manganese 
deficiencies result in skeletal abnormalities, depressed reproductive function, impaired growth 
and ataxia of the newborn. Silicon is vital for the formation of bone and cartilage, although 
deficiency of this element is considered unlikely [Hamilton, 1972]. As research continues to 
expand in the field of essentiality and the number of essential elements increase, the 
requirements during pregnancy and lactation will have to be altered in accordance.
1.2.4 Absorption, Transportation and Excretion
Absorption of the essential elements occurs in and is regulated at the mucosa of the 
small intestine. Intestinal uptake is a function of active transport and/or simple passive 
diffusion and occurs in three stages; the intraluminal stage; the translocation stage; the 
mobilization stage [Krause, 1984].
The intraluminal stage consists of the chemical reactions and interactions in the 
stomach and intestine. These reactions are dominated by the pH of the luminal contents and 
the composition of the food entering, from the stomach. Small anionic elements such as F are 
essentially not influenced by either pH or the composition of the diet and are absorbed rapidly 
and completely. However, cationic forms of the transition elements are frequently affected 
by both pH and the composition of the diet. These cations are soluble in the acidic pH of the 
stomach, but form insoluble hydroxides when chyme passes into the small intestine and the 
pH increases. This appears to be of significant importance in dairy products where the pH 
is naturally high. However, the availability of these cations for absorption is maintained by 
ligands that form coordination or chelation compounds with the elements. Typical ligands 
include amino acids and other organic acids. The resultant complexes or chelates are absorbed 
directly or they may be cleaved at the surface of the mucosal cell, prior to absorption across 
the cell membrane.
The translocation stage involves diffusion or transport of the element across the 
membrane of the intestinal cell. For small anions a passive diffusion process operates, but for 
most cations the mechanism is either facilitated diffusion or active transport. The uptake of 
Ca and Mg ions requires both passive and active processes, while Cl absorption is entirely 
passive [Department of Health, 1991].
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The mobilization stage involves the migration of the elements in the intestinal cells 
or transport across the serosal surfaces of the intestinal cells into the blood stream. This stage 
is generally poorly defined, although specific mechanisms have been proposed for Fe and Zn. 
These elements are bound to specific proteins or form part of the intracellular pool. The ions 
which remain in the pool can be mobilized and transported across the serosal surface. The 
ions bound to intracellular proteins can either be released to become part of the pool, or 
remain bound and lost with the cell during desquamation.
The absorption processes are controlled by determinants such as age, the elemental 
and health status of an individual, the chemical form of the element ingested and the 
conditions within the gastrointestinal tract. These factors all affect the bioavailability of an 
element - the extent to which an individual is able to absorb and utilize minerals, i.e. the 
difference between the amount of mineral consumed and the amount absorbed. The 
bioavailabilty of many elements is affected by the presence of other dietary constituents; Zn 
and Fe in whole grains are reduced by phytate [Erdman, 1981], tannin from tea reduces the 
Fe available for absorption, while vitamin C and alcohol both increase the bioavailability of 
Fe. The gastrointestinal tract is the site of important interactions between elements. 
Medication with iron depresses the absorption of Cu. Similarly, Cu lowers the uptake of both 
Fe and Mo. Cobalt absorption is enhanced in Fe deficient patients, but Co and Fe compete 
and inhibit each other. All these interactions reflect a lack of complete specificity of the 
absorption mechanisms for the elements.
For transport the metals are bound to proteins. Carriers are either specific, such as 
transferrin which binds to iron, or general, such as albumin. A fraction of the trace elements 
are also carried in serum in the form of amino acid or peptide complexes [Krause, 1984]. 
Specific protein carriers are usually undersaturated and the reserve capacity may be a buffer 
against excessive exposure. Plasma concentrations of the nutrients are regulated through 
mechanisms of absorption and excretion. The primary excretory route for the bulk of the 
elements is via the urinary tract. Reabsorption of the elements in the renal tubes occurs to 
reduce elemental losses, e.g. Na reabsorption is highly efficient and adaptable. Other 
excretory routes for the elements include faeces, sweat, skin, hair and nails. Excessive intakes 
of specific elements e.g. Mg, are unabsorbed and pass directly through the intestine.
The human body requires more than half of the naturally occurring elements for 
optimal growth and development [Lam, 1992]. Essential elements are still being identified 
with more information about the complex interactions between minerals, vitamins and
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micronutrients forthcoming. The rapid progress in analytical methodology has lowered 
detection limits. As these are improved further, it may be possible to assume that all naturally 
occurring elements are required by the human body.
1.3 The Pesticides: An Overview
According to the definition of the Food and Agricultural Organisation International 
Code of Conduct on the Distribution and Use of Pesticides, a "pesticide is any substance 
or mixture o f substances intendedfor preventing, destroying or controlling any pest, including 
vectors o f human disease, unwanted species o f plants or animals causing harm during or 
otherwise interfering with production, processing, storage, transport or marketing o f  food, 
agricultural commodities, wood and wooden products or animal feedstuffs, or which may be 
administered to animals fo r  the control o f  insects as a plant growth regulator, defoliant, 
desiccant, or fru it tinning agent fo r  prevention o f  premature fa ll o f  fru it and substances 
applied to crops either before or after to protect the commodity from  deterioration during 
storage and transport" [Kaloyanova, 1991].
Pesticides are divided into two main types, namely contact and systemic pesticides. 
Contact or surface pesticides are not reported to appreciably penetrate plant tissues and are 
consequently not transported within the plant vascular system. The earlier protectants were 
of this type, but were extremely susceptible to the effects of weathering. Systemic pesticides 
effectively penetrate the plant cuticle and move through the plant vascular system. Pesticides 
are classified according to their target organism:
(a) Insecticides are products designed primarily to control insect pests. They can 
be subdivided according to the main field of use into crop insecticides; 
veterinary insecticides to control external insect parasites on the animals; 
public health insecticides to control insect vectors of human disease; stored 
product insecticides; and household (domestic) insecticides.
(b) Fungicides are products which control fungal diseases of crops, stored 
produce and fabrics.
(c) Herbicides are products used for the control of unwanted vegetation. They 
fall into two categories: soil-applied, which are absorbed by the plant roots 
and foilage-applied, which are absobed by the aerial parts of the plant.
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(d) Rodenticides are products to control rodent mammals, in particular rats, 
which can damage crops, property, or stored produce or may be a danger to 
public health as vectors of disease. Those in common use fall into two 
categories: anti-coagulants, which prevent the normal blood clotting 
mechanism of the animal; and stomach-acting rodenticides.
Other common classifications of pesticides include acaricides, nematicides and molluscides.
The specific conditions of pesticide application in agriculture, forestry, industry, 
public health and households make them the most common chemical coming into contact with 
all groups of a population. They are used extensively throughout the world due to their 
proven effect in vector control and high effectiveness in agriculture. Table 1.5 illustrates the 
pesticide usage in Britain.
Table 1.5 Pesticide Usage in Britain: Value £m [Britisb Agrochemicals Association, 1992]
PRODUCT TYPE 1983 1984 1985 1986
YEAR
1987 1988 1989 1990 1991
Herbicide 188.7 178.2 186.6 190.3 192.9 219.2 207.9 199.4 206.7
Insecticide 30.8 36.6 36.4 31.7 30.0 37.2 47.4 46.8 43.4
Fungicide 77.3 91.9 100.3 96.5 99.2 110.5 135.1 130.6 130.0
Seed treatment crops 11.5 14.7 17.1 13.8 12.3 11.3 12.4 12.7 12.7
Growth regulators 4.6 6.7 7.2 8.8 11.3 9.9 9.6 11.7 9.8
Other pesticides 11.3 10.9 12.0 9.4 5.4 9.2 8.2 7.5 3.4
Total 329.8 345.9 361.3 352.8 359.9 409.1 433.1 413.5 415.8
In today’s world, especially in the developing countries, the application of pesticides 
has become so important that their use is inextricably linked with the improvement of human 
welfare; elimination of vector-borne diseases and adequate nutrition as a result of an increased 
food supply. Although the magnitude of losses has not been adequately measured, these losses 
are recognized as being substantial. In developing countries, the pre-harvest and post-harvest 
crop losses are estimated by the F AO to be in the region of 30% or more of potential 
production [Gunn, 1976]. Plant protection experts recognize that pesticides will during the 
foreseeable future, remain a primary measure for combating losses from pests.
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However, pesticides do represent a serious health and environmental hazard [British 
Medical Association, 1992]. The wide scale application of these substances results in 
contamination of both the environment and consumer, through exposure to air, food and 
water sources. Restricting the circulation of these chemicals is impossible and as a 
consequence of public awareness has resulted in concern over the immediate and possible 
adverse effects of the pesticides currently in use.
1.3.1 The Introduction of the Pesticides
Throughout history there have been a number of major disasters; the Irish potato 
famine of 1845 - 1849 in which the potato crop was virtually destroyed by the fungal disease 
known as potato late blight (Phytophthora infestans). This resulted in the death of 
approximately 12% of the human population from starvation [Fest, 1982]. French vineyards 
in the Bordeaux region were destroyed by the downy mildew disease (Plasmopara viticola) 
at about the same time, while 1917 saw the turnip winter in Germany due to a severe attack 
of Phytophthora. Coffee crops have been destroyed by Hemileia vastatrix, bananas by 
Fusarium oxysporum, tobacco by Peronospora and cotton harvests by Prodenia. Consequently 
various forms of chemical crop protection have been implemented.
A diversity of pesticides have been in use for centuries. Sulphur was known to avert 
diseases as well as insects before 1000 BC, while the Chinese in the sixteenth century applied 
moderate amounts of arsenic as an insecticide [Horsfall, 1956]. In the seventeenth century, 
the first naturally occurring insecticide, nicotine was introduced. The success of this limited 
range of protectants stimulated the search for other chemical pesticides.
The 1930’s represent the modern era of synthetic organic pesticides, driven by the 
need for expansion in agriculture worldwide due to the increasing population levels. In 1939 
successful development of the powerful insecticide dichlorodiphenyltrichloroethane (DDT) 
was achieved, which subsequently became the most widely used insecticide in the world 
(Figure 1.4). DDT is claimed to have saved many lives, by controlling the organisms 
responsible for typhus, malaria, river blindness and yellow fever. Today DDT is banned by 
most industrialized countries due to its potential carcinogenic properties, persistence in the 
environment and the increasing immunity of the insects being targeted. However, DDT is still 
in widespread use throughout developing countries. It is considered to be relatively cheap and 
extremely effective and at present no viable substitute is available to the third world [W are, 
1983].
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Figure 1.4 The Chemical Structure of DDT(dichlorodiphenyltrichloroethane)
The development of the organochlorine and organophosphorus pesticides occurred 
simultaneously, but the initial success of DDT resulted in the organochlorines commercially 
superseding the organophosphates. The realization of the toxic nature and accumulative 
properties of the organochlorines, resulted in the increased use of the organophosphorus 
pesticides.
Today the organophosphates are the largest individual group of pesticides, with over 
one hundred compounds being marketed. An important advantage of the organophosphorus 
insecticides is that after application they are generally rapidly degraded to non-toxic materials. 
Consequently they are of relatively low persistency and do not tend to accumulate in the 
environment and in food chains [Cremlyn, 1991]. Their high effectiveness has resulted in 
their widespread use throughout the world.
1.3.2 The Organophosphorus Pesticides
The research field of the organic chemistry of phosphorus was first undertaken by 
Lassaigne in 1820 to prepare phosphate esters. The chemistry of organophosphorus 
compounds was developed extensively by Michaelis in Germany during the late nineteenth 
and early twentieth century. The later stages of this work was overlapped by the Russian 
chemist Arbuzov which resulted in the Michaelis-Arbuzov reaction to form the P-C bond 
[Eto, 1974]. The first physiologically abnormal effects of the organophosphorus compounds 
was observed in dialkyl phosphorofluoridates by Lange and Krueger in 1932 with symptoms 
including respiratory distress, temporary blindness and phytophobia [Lange, 1932]. During 
World War II Schrader in Germany observed contact insecticidal activity in some 
organophosphorus compounds of the general formula illustrated in Figure 1.5:
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Figure 1.5 A General Formula Observed to have Insecticidal Activity
O R l O (S)
N ~ P — a c y l 
O R 2  O R 3
Where Rj, Rj and R 3  represent alkyl groups and Acyl indicates an inorganic or 
organic acid radical (e.g. Cl, F, SON, CH3COO).
In 1941 this resulted in the synthesis of octamethyl pyrophosphoramidate (OMPA) 
or Schradan (Figure 1.6), while simultaneously Adrian and his co-workers discovered the 
cholinesterase inhibiting action of the organophosphates, [Adrian, 1947]. This action was 
subsequently attributed to the phosphorylation of the esteratic site [Balls, 1952]. In addition 
to the insecticidal and acaricidal activities of the organophosphates, a variety of biological 
activities were also discovered in which some compounds were useful as nematocides, 
fungicides, plant growth regulators and antitumour agents.
Figure 1.6 The Chemical Structure of Schradan
O O
((CH3)2N)2 —P - O - P  —(N(CHs)2 ) 2
The greatest advancement in the organophosphorus pesticides was achieved in 1944 
with the synthesis, by Schrader, of the 0,0-diethyl-p-nitrophenyl phosphorothionate, which 
was subsequently marketed as parathion. Although parathion is extremely toxic to mammals 
and insects slight structural modifications led to the development of the less harmful 
pesticides, chlorthion (1952), fenthion (1958) and fenitrothion (1959). Figure 1.7 illustrates 
the structural modifications.
The organophosphorus pesticides are formulated as water soluble or liquid concentrate 
granules. All are rapidly hydrolysed and oxidized in the environment and in alkali media, to 
mono- or disubstituted phosphoric or phosphonic acid or their thioanalogues. They are applied 
in agriculture, forestry and public health activities as 0 . 0 2  to 0.08% water solution for 
spraying, 2.5 to 8 % as aerosols and 4% as dust [Wolfe, 1967]. The development of new 
synthetic organophosphorus pesticides is still in practice today, with the agrochemicals 
industry looking towards more specific, but less toxic chemicals.
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Figure 1.7 The Structures of Parathion, Chlorthion, Fenthion and Fenitrothion
Parathion
( C j H s O j - P - O NO
Chlorthion
( C H j O j - P - O NO
Fenthion
Fenitrothion
(C H g O ) 2 - P - 0
(C H 3 0 ) 2 “ P - 0
SCH
CH
NO
CH
1.3.2.1 Electronic Structure
Phosphorus is present in the second row of Group V elements in the periodic table. 
Its properties are similar to that of nitrogen, with the main difference being that phosphorus 
yields pentavalent compounds. The electronic configuration of the P atom in its fundamental 
state is denoted as:
ls^2s^2p^3s"3p^
This indicates a coordination number of three, but trivalent phosphorus is 
coordinatively unstable and thus, has a tendency to reach a coordination number of 5. Table 
1 . 6  presents the general chemical formulae of the principle organophosphorus groups with 
commonly used pesticides.
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Table 1.6 General Chemical Structure and Common Organophosphorus Insecticides
Phosphorus Group General structure Typical Pesticides
Phosphate
0-alkyl phosphorothioate
Phosphorodithioate
S-alkyl phosphorothioate
S-alkyl phosphordithioate
(R0)2 —  P — O — X 
O
II
(R0)2 —  P —  S— X 
S
II
(R0>2 —  P — O — X
S
11
(R0)2 —  P —  S — X
R —  S O
\
P — O — X
R — o
R —  S
\
P —  P —  O — X
chlorfenvinphos, dichlorvos 
daneton-S-methyl, vamidothion 
bromophos, chlorpyrifos, diazinon
dimethoate, disulfoton, malathion 
profenofos, trifenofos
prothiofos, sulprofos
R — O
Phosphoroamidate
Phosphorothioamidate
Phosphorothioamidate
O
II
( R0) 2  —  P — NR2
0
I I
R j N  — P — N
1
NR2
O
II
( R0) 2  —  P — NR2 
S alkyl
cruformate, fenamifos
triamifos
methamidofos
(R0>2 —  P — NRj isofenfos
Phosphonate
0
(R0>2 —  P — X butonate, trichlorfon
Phosphonthioate (R0)2 —  P — O — X trichlormat, cyanofenphos
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1.3.2.2 Nomenclature
Inconsistencies still exist in the nomenclature of the organophosphorus compounds, 
but the terminology applied by lUPAC is generally accepted [Fest, 1982]. The scientific 
names are formed in two stages:
(a) By the prefix 0-alkyl for each alkylated ester oxygen atom e.g. 0-methyl O- 
ethy 0 -propyl phosphate
(b) If other atoms or functional groups other than alkoxy are involved, the names 
are formed by insertion of the corresponding term into the relevant keyword. 
For example, phosphor - ate, where - may correspond to amido, flourido, 
chlorido. Two or more groups of the same type are designated by the 
prefixes di, tri, etc.
1.3.2.3 Chemical Synthesis
Trivalent phosphorus compounds in which reactive nucleophiles are involved, are 
often used for the synthesis of derivatives of higher coordination numbers, which are 
subsequently used to manufacture the organophosphorus pesticides. Typical examples of these 
reactions are shown in Figure 1.8.
Figure 1.8 Typical Reactions for the Synthesis of Pentavalent Phosphorous Compounds
o
o I
RO — P  ► RO — P — CI2
Cl
Cl
Cl
/ s
R P  ^  R  —  p — Cl
Cl
s
'"2
PCli ► PCI,
o
A  I I
(RO)gP  ► R— P —  (0R)2
O
R'Hal II
(RO)gP  ^  R«— p —  (0R)2 +  ^Hal
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The number of organic moieties involved in organophosphorus pesticide molecules 
is too great and therefore only the principle reactions involving the main phosphorus groups 
will be outlined.
(a) The Formation of Phosphates: The reaction of phosphorochloridates with hydroxy 
compounds
This simple reaction (Figure 1.9) is most commonly utilized in the synthesis of a 
number of phosphorus esters, with certain bases employed as dehydro chlorinating agents; 
sodium carbonate, tertiary amines [Eto, 1974].
Figure 1.9 The Formation of Phosphates
Î Î
( R 0 ) 2  —  P — Cl -4-  R 'OH ------------ ► ( R 0 ) 2  P OR'
(b) The Formation of Phosphorothioate: Reaction of phosphorochlorithionates
These esters are generally less toxic and more stable than the phosphate esters and 
are one of the most important classes of pesticides, with more than thirty compounds of this 
class being used throughout the world. Organic or inorganic bases are required as 
dehydrochlorinating agents. The principle method for the preparation of the phosphorothioates 
is based on the reactionin Figure 1.10.
Figure 1.10 The Formation of Phosphorothioates
R'O Cl R 'O OR"
(c) Phosphorodithioate: Alkylation of 0 ,0-D ialkyl Phosphorodithioates
The discovery of the low toxic insecticide, malathion in 1950, led to the development 
this class of pesticides, which have also become one of the most relevant in crop protection. 
Many esters within this group are prepared by the reaction in Figure 1.11.
2 8
Figure 1.11 The Formation of Phosphorodithioates
\\ f \
( R 0 ) 2  P SM X R ’  ► ( R 0 ) 2  —  P —  S —  R +  MX
Where M Métal, ammonium or hydrogen
X Halogen
1.3.2.4 Chemical Reactivity
Most organophosphorus pesticides are neutral ester derivatives. The phosphoryl group 
creates a positive charge on the phosphorus atom which then becomes highly electrophilic and 
reactive towards nucleophiles. This is the basic principle of the various reactions undergone 
by the organophosphorus pesticides.
The organophosphates are susceptible to alkaline hydrolysis, the rate of which is 
dependant upon the chemical structure of the ester and reaction conditions; pH (the 
organophosphates are more unstable under alkaline conditions), temperature (a 10°C increase 
in temperature results in a quadrupling of the hydrolysis rate) [O’Brien, 1967], solvent and 
the presence of catalytic reagents [Fest, 1982]. The hydrolysis rates of the organophosphorus 
pesticides and their metabolites are of great importance, because the hydrolysis results in the 
detoxication of the pesticides and moreover, their susceptibility to alkaline hydrolysis relates 
to their biological activity [Eto, 1974]. Alkaline hydrolysis is initiated by the attack of the 
nucleophile on the phosphorus atom. The reaction depends upon the electron deficiency of 
the phosphorus atom, which may be affected by the electronic properties of the substituents 
on phosphorus. The presence of electron withdrawing groups enhances the hydrolysing ability 
of the esters.
Other reactions undergone by the organophosphates include phosphorylation which 
involves substitution reactions of the pentavalent phosphorus esters, in which a nucleophile 
attacks the electrophilic phosphorus atom; alkylation where allyl esters react with nucleophilic 
agents to alkylate them; and photochemical reactions which result in chemical changes of the 
pesticides. The irradiation by UV light causes many organophosphorothionate pesticides to 
be converted to more potent enzyme inhibitors as a result of photooxidation and 
photoisomerization.
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1.3.3 The Toxicity of the Organophosphorus Pesticides
The organophosphorus pesticides show identical toxic effects, primarily by the 
inhibition of the neural enzyme, acetylcholinesterase [Kaloyanova, 1991]. In attacking the 
nervous transmission systems in both mammals and anthropods, the action of several enzymes 
is inhibited, through the suppression of non-critical 15-esterases and certain proteins. The three 
main biochemical reactions are responsible for the effect of the organophosphorus pesticides 
[WHO, 1975];
(a) Inhibition of cholinesterase activity.
(b) Inhibition of neuropathy target esterase (NTE) and development of delayed 
neuropathy.
(c) Release of alkyl groups attached to the P atom and alkylation of 
macromolecules including RNA and DNA.
1.33.1 The Action o f Acetylcholine
Acetylcholine is the transmitter at neuromuscular junctions affecting the skeletal 
musculature. Motor neurons of the spinal chord are responsible for the movement of the limbs 
and the trunk, whereas cranial motor neurons cause the movement of the eye, the jaw, 
pharynx, larynx among others. In addition acetylcholine is the principal transmitter in the 
neural-neural synapses of the autonomic nervous system. It is synthesized through the transfer 
of an acetyl-group from from acetyl Coenzyme A to choline in a reaction catalysed by the 
enzyme choline acetyltransferase. Acetylcholine transmits signals across a specialized synapse 
called the neuromuscular junction (cholinergic synapse) from the neurotransmitter to muscle 
cells (refer to Figure 1.12).
When the axon membrane of a cholinergic synapse depolarizes, voltage-gated Ca^  ^
channels, with a resultant flow of calcium ions into the axon terminal. This influx of Ca^^ 
stimulates the fusion of synaptic vesicles, each containing 4000 to 10,000 molecules of 
acetylcholine, with the presynaptic membrane. The released acetylcholine diffuses across the 
50 nm synaptic cleft and binds to the acetylcholine receptor protein. The subsequent 
conformational change in the protein allows an influx of cations, primarily Na'*' into the 
muscle cell. This influx produces a depolarization of the muscle cell membrane from its 
resting potential, which incites the release of Ca^^. These calcium ions then stimulate muscle 
contractions. The action potential in an axon is thus converted to a chemical signal which is 
reconverted to another electrical signal in a separate, distinct cell.
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Figure 1.12 Neurotransmission Function [Rawn, 1989]
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After the postsynaptic cell has become depolarized, it must return to its former 
electrically excitable state in order to receive the transmission of the next nerve impulse. This 
repolarization is accomplished by the hydrolysis of acetylcholine, catalysed by the enzyme 
acetylcholinesterase as outlined in Figure 1.13, releasing choline and acetic acid.
Figure 1.13 The Hydrolysis of Acetylcholine
HjC —  C — O — CH2—  CH2— N(CH3)3 
Acetylcholine
Ser
CH
©
+  HO — CH2— CH2— N(CH3)3 
Choline
Acetyl-enzyme
intermediate
O
II
+  HO — C — CH3
Acetic acid
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1,3.3.2 Inhibition o f Acetylcholinesterase by the Organophosphorus Pesticides
Active organophosphates function by blocking acetylcholinesterase [H art, 1986]. The 
organophosphate mimics the natural substrate, acetylcholine by binding itself to the esteratic 
site of acetylcholinesterase. The subsequent reaction mirrors the normal 3 stage reaction 
between the enzyme and the substrate (see Figure 1.14).
(a)
(b)
(c)
Initial complex formation of the enzyme and phosphate 
Subsequent phosphorylation of the enzyme 
Slow hydrolysis to the free enzyme.
In the absence of effective acetylcholinesterase, the liberated acetylcholine 
accumulates at the postsynaptic membrane and prevents the smooth transmission of nerve 
impulses across the synaptic gap. This induces the loss of muscular coordination, convulsions 
and ultimately death. Acetylcholinesterase is an essential component of the nervous system 
of both insects and mammals and therefore the toxic effect of the inhibition of the enzyme is 
the same in both.
Figure 1.14 The Mechanism of Organophosphorus Inhibition of Acetylcholinesterase
O
(R 0 ) 2 P - X  +  E C H 2 O H  ^
Organophosphate Enzyme
(R 0 ) 2 P X E C H 2 0 H
Complex
x - p
Step 2 (-HF)
O
I I
E C H 2 0 - P ( 0 R ) 2
Step 3 + H 2 O, slow
▼
O
I I
(R 0 ) 2 P 0 H +  E C H 2 O H
33
1.3.3,3 Exposure to the Organophosphorus Pesticides
Exposure to the organophosphates usually results from either occupational sources or 
through accidental contact, although cases of suicide have been documented. Ingestion results 
in the biotransformation of the organophosphates into water soluble metabolites with relative 
ease in the animal body, which are then excreted out via urine. Some absorption into body 
fat occurs and this is often responsible for the tolerance of insects. Data concerning exposure 
concentrations and organophosphorus effects are shown in Table 1.7 [Derache, 1977; Laws, 
1967].
It has been stated that the number of accidental and occupational poisonings from 
organophosphorus compounds correlate well with their absolute toxicity. During a seven year 
period in Japan there were 63 cases of malathion intoxication, including 10 deaths and 3311 
cases of parathion intoxication including 188 deaths [Davis, 1982]. If good agricultural 
practice is followed the exposure of the general population by food should be negligible, but 
exposure to the organophosphates may result in either acute or chronic intoxication.
(a) Acute Intoxication
The period between exposure and the onset of symptoms is usually 1-2 hours and 
death is due to asphyxia in some instances and cardiovascular failure in others. Other 
characteristics of organophosphate poisoning include myosis (contraction of the pupils), 
nausea, vomiting, weakness, headaches and giddiness. Symptoms such as fever have also been 
reported, but are atypical. Respiratory failure results from a combination of respiratory tract 
blockage through excessive secretion of the salivary glands and respiratory tract, possible 
bronchoconstriction, and paralysis of the respiration area of the brain stem [Zakurdaev, 
1986]. Unless exposure causes death, most neurological effects are reversible, dependant upon 
the cholinesterase inhibitors. Local and less severe effects do not usually last more than one 
day. The symptoms of intoxication are related to the rate of cholinesterase inhibition and the 
rate at which the inhibitor itself is destroyed and removed from the tissue. Both these factors 
are related to the chemical structure of the compounds and the eventual presence of 
byproducts. In household situations organophosphorus compounds provoke mostly severe 
acute intoxications [Cattle, 1973]. The acute cases are almost always severe, often with lethal 
consequences.
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Table 1.7 Oral Dose-Effect Relationship in Some Organophosphates [Kaloyanova, 1991].
DOSE WITH OBSERVED EFFECT mg / kg /  b.w.
PESTICIDE DOSE
(NO OBSERVEDEFFECT) 
mg kg^
DOSE / TERM 
APPLICATION
EFFECT
Azinphosmethyl 0.2 / 30 days 0.3 - 0.33 
time undetermined
ChE inhibition
Bromophos 0.4 / 4 weeks
Chlorpyrifos 0 . 1 / 1  month
Diazinon 0.033 / 28 days 0.25 / 43 d
0.05 / 5 d, repeated 
after 23 d
Plasme ChE inhibition by 
20%
Plasm ChE inhibition by 
35%
Dimethoate 0.02 / 34 days 0.5 / single ChE inhibition
Disulfoton 0.075 / 30 days
Malathion
Methidathion
0.2 / 88 days 
0.11 / 6 weeks
0.4 / 88 d 
0.8 / 14 d
ChE inhibition
Parathion 0.05 / 3 weeks 
0.06 / 43 days
0 . 1 2 / 6  weeks
0.1 / 28 days 
0.12 / 27 d
Plasma, erythrocyte ChE 
inhibition by 35% 
Plasma ChE inhibition by 
15%
Pirimiphos-methyl 0.25 / 28 days
(b) Chronic Intoxication
Chronic intoxications are considered to be rare as organophosphates are not highly 
cumulative. Similar symptoms are observed as in acute intoxications, but these are often less 
pronounced: headache, giddiness, insomnia, weakness, increased sweating, nausea, loss of 
appetite, tremors and nystagmus (rapid eye movement up and down, or side to side) 
[Kaloyanova, 1991]. Epidemiological studies frequently report liver, renal skin, 
cardiovascular and respiratory disturbances. Women working in fields sprayed with 
organophosphates have been observed to have decreases in body weight, disturbances in 
menstruation and sterility [Nakazawa, 1974].
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1.3.4 Organophosphorus Residues in Food
Since the early part of the twentieth century agricultural productivity has increased 
tremendously. Currently more food is produced with utilizing reduced labour and less 
cultivated land. Much of the increased productivity has been achieved by extensive 
mechanisation, advanced cultural practices and the selection of better plant varieties. The use 
of agrochemicals has also been a major factor in increasing food production [HJPAC, 1985]. 
Today the use of pesticides is essential for the production of sufficient and affordable food. 
Table 1.8 lists the major crops treated with pesticides throughout Britain (1989/1990).
Table 1.8 Pesticide Usage on M ajor Crops in Britain (1989/1990 Crop Year) [BAA, 1991]
Areas Grown and Treated **, in COO’s of Hectares
Cereals Potatoes Sugar
Beet
Peas Oilseed
Rape
Field
Beans
Areas Grown
(1989-1990) 3795 154 196 118 414 132
(1988-1989) (4032) (156) (208) (139) (328) (129)
Herbicides - Total 7418 225* 932* 212* 728*184
Couch / Stubble 318
Wild Oat / Blackgrass 3212
Broadleaved Weeds 3888
Fungicides - Total 10083 618 80 600261
Foliar Sprays 9287
Seed Treatment 796
Insecticide - Total 3023 146 302 138 543134
Foliar Sprays 3019 114 217
Granules 4 32 71
Soil Applied Sprays 14
Hectares treated can exceed the hectares grown since some of the area is treated twice 
Includes cleanup
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Cereals are major constituents of the diet and economies of the world, mainly because 
they can be stored with little deterioration. The grain produced is used for human food, 
animal feed and seed. Cereal farmers are faced with a variety of pests which attack plants 
both above and below ground. On sowing the seed may be attacked by wireworms {Agriotes 
spp) or slugs (Agriolimax reticulatus) which leaves an empty husk. Once germination has 
occured, other pests appear, notably leatherjackets (Upula paludosa), wheat-bulb fly 
(Leptohyleemyia coarctata) and frit fly {Oscinella frit) [Gunn, 1976].
A large number of pesticides are in common use as grain protectants. Some, such as 
malathion have been in worldwide use for around thirty years, while others, bromofos, 
dichlorvos, fenitrothion and pirimiphos-methyl have been in use for 14 - 20 years [FAG, 
1982]. The nine organophosphorus pesticides most commonly used for the protection of 
stored cereals, oil seeds and legumes are bromofos, bromofos-ethyl, chlorpyrifos, 
chlorpyrifos-methy 1, diazinon, etrimfos, fenitrothion, malathion and pirimiphos-methyl 
[DiMuccio, 1987].
Pesticides can have both beneficial and harmful effects on human health. Since good 
food is essential to health and plentiful food should prevent starvation, it is obvious that these 
chemicals play a significant role in promoting world health. The toxicity of many of these 
chemicals is undoubtedly hazardous to health. The use of pesticides to protect crops or food 
commodities intended for human or animal consumption, can sometimes result in a residual 
quantity remaining at harvest or after subsequent processing. In some instances, the limited 
persistence of a pesticide is an important factor in its ability to control pests successfully. 
Consequently residues may be present in the diets of both humans and animals. The 
assessment of these possible risks is obviously an essential part of the overall evaluation of 
safety during the approval of a pesticide by Governmental departments. In addition the 
monitoring of pesticide residues in food has been coordinated in Britain since 1960 by the 
Ministry of Agriculture, Fisheries and Food (MAFF).
The Food and Agricultural Organization (FAQ) and the World Health Organization 
(WHO) have recommended residue limits for grains. In Britain MAFF and the Secretary of 
State drafted regulations appertaining to the maximum residue levels in food [MAFF, 1988]. 
Table 1.9 summarizes these for cereal crops. The maximum levels have been designated to 
achieve two objectives. The first is to determine if pesticide residues on food and feed exceed 
tolerances and take appropriate regulatory action; the second is to obtain data of pesticide 
residues in foodstuffs to assess safety and to plan future programmes.
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Table 1.9 The Pesticides (MRL’s in Food) Regulations 1988 [MAFF, 1988a]
The maximum residue levels (MRL’s) are expressed in mg Kg'  ^of food.
Organophosphorus
Pesticides
Wheat Rye Barley Oats Maize Rice^ Other Cereals^
Chlorpyrifos-methyl 10 10 10 10 10 10 10
Diazinon 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Dichlorvos 2 2 2 2 2 2 2
Etrimfos 10 10 10 10 10 10 10
Fenitrothion 10 10 10 10 10 10 10
Methacrifos 10 10 10 10 10 10 10
Malathion 8 8 8 8 8 8 8
Pirimiphos-methyl 10 10 10 10 10 10 10
‘ Paddy rice.
 ^ Other cereals, which do not include rice.
1.4 The Association Between the Organophosphorus Pesticides and Elements
The organophosphorus pesticides do not directly influence the function of the 
elements, although they inhibit the action of numerous enzymes; namely the esterases which 
are involved in the hydrolysis of esters. Common esterases include the carboxylic ester 
hydrolases, proteases or peptidase. Metals, typically Mn, are major constituents of these 
enzymes and consequently indirect inhibition of elemental function may result.
The dietary consequence of an association between the elements and the pesticides is 
a major factor in the evaluation of nutritional considerations. A balanced diet must allow for 
an adequate intake of the essential elements, but in order to maintain optimal health the intake 
of contaminants must be restrained. An increase in the consumption of recommended 
nutritious foods, which are contaminated with heavy metals and/or pesticides is likely to 
diminish the overall effects of a balanced diet.
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1.5 The Aims of this Study
Cereals are the most important constituent of a healthy diet and require the greatest 
number of servings (6-11) to be consumed per day. Since the introduction of the first ready- 
to-eat breakfast cereals in 1893, the consumption of this form of cereal has steadily increased 
[The Monopolies Commission, 1973]. In 1988, the total cereal consumption comprised 21% 
of the average daily consumption of food, with breakfast cereals forming 5% of this figure. 
This was superseded only by the intake of milk and dairy produce which contributed 39% of 
the average daily consumption [MAFF, 1988b]. These two groups provide almost two thirds 
of the average daily food consumption for individuals and therefore an evaluation of the 
dietary intake of both mineral nutrients and contaminants (toxic elements and 
organophosphorus pesticides) is to be undertaken for a series of these matrices; breakfast 
cereals (wholewheat, wheatbran, rice, oats, corn), flours (white, brown, wholemeal, organic) 
and milks (full fat, semi-skinuned, skimmed, enriched, organic). The analytical objectives of 
this study were to:
(a) Assess mineralization procedures for the digestion of the cereals and milks. 
Investigate the application of ICP-MS for the analysis of these foodstuffs 
through documented analytical protocols (accuracy, precision, standard 
addition).
(b) Examine existing methodology and as a consequence develop simplified 
analytical procedures for the determination of organophosphorus pesticide 
residues in cereal and milk foodstuffs.
(c) Simultaneously evaluate the dietary consumption of essential minerals (bulk 
and trace) and the intake of toxic contaminants (Cd, Hg, Pb and 
organophosphorus pesticide residues) using published food consumption data.
(d) Compare these calculated results to existing documented levels published by 
the Department of Health for Recommended Nutrient Intake figures and 
MAFF Maximum Residue Limits.
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CHAPTER H ANALYHCAL METHODOLOGY IN
ELEMENTAL ANALYSIS
2.1 An Introduction to the Elemental Analysis of Foodstuffs
The significance of trace elements in the maintenance of optimum nutrition and health 
has been recognized (Section 1.2) and the need for more complete information for nutritional 
labelling purposes has also been identified [Rockland, 1979]. The importance of many 
elements in the daily diet emphasises the need to obtain quick, precise and reliable data for 
their relative concentrations in foodstuffs. Difficulties associated with the elemental 
determinations of foodstuffs are generally afiliated to the sample preparation aspect of the 
analysis and not the instrumentation [Thompson, 1978]. The main problems are related to:
(a) Complete quantitative extraction of the metallic species from the matrix.
(b) Mechanical losses.
(c) Contamination from reagents.
Investigations of the elemental composition of foodstuffs require methods of analysis 
that are capable of measuring low levels of a wide variety of elements in varying substrates. 
Several digestion procedures have been used to eliminate the organic matter and dissolve the 
elements prior to analysis. Dry ashing techniques involve the combustion of organic matter 
in a muffle furnace and the subsequent dissolution of the ash in acid. In employing this 
method, possible losses through volatilization and the inability to completely dissolve the ash 
must be taken into consideration when assessing the competence of this procedure. Wet ashing 
techniques are more commonly used and involve the oxidation of organic matter by heating 
with strong acids. The principal advantages of the wet-oxidation procedure are the 
applicability of these methods to a wide range of samples. Losses are limited through both 
volatilization and retention, but these methods often require continual supervision over 
extended periods. In recent years microwaves have often replaced the conventional heating 
source in wet ashing procedures. This technique offers rapid sample dissolution [Nadkarni, 
1984], but disadvantages exist with containing the acid fumes. Once digestion is complete and 
the sample solubilized, analysis may be conducted using a wide range of techniques.
The analytical technique applied for the investigation of food matrices, must be 
adequate for the intended purpose. For elements normally present in substantial quantities 
such as Na, K, Ca, and Mg most techniques allow or require a substantial dilution of the 
samples. Commonly used techniques for these elements include atomic absorption 
spectrometry (AAS) [Blust, 1988] and atomic emission spectrometry (AES) [Benzo, 1986]. 
For trace elements present in the /xg ml‘^  concentration range, such as Fe, Cu and Zn a wide 
variety of techniques are used including X-ray fluorescence spectrometry (XRF) [Torok,
41
1983] and neutron activation analysis (NAA) [Johansen, 1976]; Both these techniques require 
very limited sample preparation. For the ultra-trace elements, present in concentrations of ng 
ml'^ and below, the number of analytical techniques available are greatly reduced. Techniques 
such as NAA and mass spectrometry have been reported to attain the required detection limits 
[Blust, 1988]. Table 2.1 compares the detection limits of a number of these techniques.
The development of such a wide range of analytical techniques indicates that no single 
technique can meet the requirements of all the elements in the periodic table and for all types 
of matrices. The main factors that must be considered when instigating a trace element study 
are:
(a) Extent of element coverage.
(b) Degree of analytical sensitivity.
(c) Quantity of sample required for the analyses.
(d) Speed and convenience to the analyst undertaking the experimentation.
(e) Capital, maintenance and running cost of the instrumentation.
It is clear that within any given multielement technique, there are some elements 
which are capable of being measured to a high degree of accuracy and precision, while others 
are less suitable, thus requiring some compromise in the choice of technique. In this study, 
ICP-MS, for its sensitivity, multielemental capabilities and reduced analysis times has been 
the analytical technique of choice for the determination of the elemental composition of 
foodstuffs.
2.2 Inductively Coupled Plasma Mass Spectrometry
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an instrumental 
technique which combines an argon plasma, for atomizing and ionizing injected samples, with 
the sensitivity and selectivity of a mass spectrometer. Figure 2.1 illustrates the main 
components of a typical ICP-MS instrument. The ICP-MS may be divided into six main units, 
namely, the sample introduction system, the inductively coupled plasma, the sampling 
interface, the ion focusing unit, the quadrupole mass spectrometer and the data acquisition 
system.
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Table 2.1 Comparative Detection Limits for Various Analytical Techniques (ng mU)
Element FAAS" ETAAS^ ICP-AES^ ICP-MS^ NAA'*’* XRF^^
Lithium 8 0.05 1.35 0.06 *
Boron 700 20 3
Magnesium 0.3 0.004 0.12 0.2 *
Aluminium 30 0.04 6 1 2 *
Titanium 50 1 0.75 4
Vanadium 40 0.2 3 0.4 0.2 5
Chromium 5 0.01 3 0.5 2 5
Manganese 50 0.01 0.6 0.4 0.7 6.5
Iron 4 0.02 1.5 0.5 50 5
Cobolt 10 0.01 3 0.5 1 3
Zinc 2 0.01 1.5 2 100 4.5
Copper 2 0.02 1.35 2 2 3
Germanium 150 0.2 15
Arsenic 100 0.2 30 0.6 1 5
Selenium 130 0.2 90 2 5
Rubidium 5 0.05 * 10 1.5
Silver 2 1 30 3 3
Molybdenum 30 0.04 7.5 7 2 *
Cadmium 2 0.003 1.5 45 5 *
Indium 50 0.05 20
Caesium 5 0.05 2 0.8
Barium 8 0.1 0.15 20 12
Gold 100 0.1 6 0.005
Mercury 280 1 30 7 0.8
Lead 3 0.05 30 3 500 3
> 1 ftg ml’*
Varma, 1987 
Perkin Elmer, 1988 
Morrison, 1979 
Stika, 1981 
Ward, 1986
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Figure 2.1 The Main Components of a Typical Inductively Coupled Plasma
Mass Spectrometer [Abou-Shakra, 1993]
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2.2.1 Sample Introduction
The ICP requires the analyte to be introduced as a gas, vapour or aerosol of fine 
droplets or solid particles. A wide variety of methods may be used to introduce the sample 
to the torch, such as pneumatic or ultrasonic nebulization of a solution, laser ablation from 
a solid or the generation of volatile hydrides or oxides from a reaction vessel. However, 
pneumatic nebulizers are commonly used due to simplicity of their construction. The 
conventional sample introduction system consists of a peristaltic pump, a pneumatic nebuliser 
and a spray chamber. Aqueous solutions are aspirated into the nebuliser, via the pump and 
carried to the plasma in the form of droplets by a stream of argon gas. The gas stream is only 
able to support droplets below 8  fim in diameter and as a consequence, the larger droplets are 
removed via the spray chamber. The spray chamber is thus, able to provide an even loading 
of the plasma, reduce condensed-phase interferences and prevent high solvent loading of the 
ICP, which may result in a significant reduction of the excitation properties of the plasma 
[Boumans, 1982].
Generally pneumatic nebulisers suffer from poor nebulization efficiency, with only 
1  % of the aspirated sample reaching the plasma, but ±ese nebulisers continue to be widely 
used due to its convenience and reasonable stability [Jarvis, 1992].
2.2.2 The Inductively Coupled Plasma
The ICP is an argon plasma maintained by the interaction of radio frequency (RF) 
field and ionised argon gas. The plasma is formed by a tangential stream of argon (auxiliary) 
gas flowing between two quartz tubes. Radio frequency power is applied through a water 
cooled coil and an oscillating magnetic field is formed. The plasma is made conductive by 
exposing it to an electrical discharge which creates electrons and ions. Inside the induced 
magnetic field, the charged particles are accelerated in a closed annular path. These particles 
then transfer energy to the neutral species by collision and further ionisation takes place. The 
process occurs instantaneously and the plasma expands to its full dimensions. Meanwhile, 
another stream of argon (coolant) gas, flowing between the two outermost tubes, cools the 
inside walls and centres the plasma radially in the tube.
The ICP consist of two main regions; the lower preheating zone where the 
temperature is high enough to desolvate, volatilise and dissociate the sample and the solvent 
vapour introduced with it; and the upper radiation zone, where the various species are 
atomised and ionised, producing a high population of singly charged ions. This zone is the 
region from which the ions are normally sampled in ICP-MS.
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Generally, all elements with an ionisation energy below that of Ar (15.75 Ev) are 
efficiently ionised in the ICP. The usefulness of the plasma as an ion source is dependant 
upon the efficiency of ionization of the analyte atoms, with many elements having an 
efficiency of over 90% for the formation of singly charged ions.
2.2.3 The Interface
In all mass spectrometers, ions are separated by a combination of electrostatic and/or 
magnetic fields in a vacuum. The vacuum is required to ensure that the accelerated ions do 
not collide with residual gas molecules and become deflected from their intended paths. Since 
the ICP requires an overall gas flow rate of around 15 1 m in '\ direct introduction of the total 
ion beam into the mass spectrometer is impractical. Therefore the two instruments are 
interfaced through differential pumping. The plasma flows around the tip of a water cooled 
metal cone, called a sampler. This cone has an orifice of 1 - 1.5 mm in diameter drilled into 
its tip. Most of the gas flowing through this orifice is evacuated via a pump that maintains 
the pressure around 1 mm bar. Behind the sampler, at a distance of about 6  to 6.5 mm, there 
is second cone, the skimmer. The gas flows through the orifice of the skimmer and on to the 
second vacuum chamber, maintained at a pressure of around 1 0 "^ mm bar.
In the Finnigan-MAT Sola ICP-MS, the instrument comprises a third cone, the 
accelerator cone. The interspace between the skimmer cone and the accelerator cone is 
pumped by a 330 1 sec'  ^ turbo pump which maintains this section of the vacuum system at a 
pressure of 10'  ^torr whilst the plasma is being sampled. A voltage of -2 kV is maintained on 
this electrode, and this has the effect of focusing all ions passing through the skimmer cone 
to a fine cross-over in the 1 mm aperture in the end of this cone. This aperture in the end of 
the cone also acts as the differential pumping aperture between the intermediate vacuum 
section and the high vacuum section of the instrument in which is located the quadrupole mass 
analyser.
2.2.4 Ion Focusing
As the ion beam flows through the skimmer, it must be conveyed to the mass analyser 
and in order to ensure that as many ions as possible reach the spectrometer, the beam is 
focused and transmitted by a series of ion lenses. Optimization of the ion optics dramatically 
improves the performance of the ICP-MS, which in the Finnigan-MAT instrument has led to 
better sensitivity with an almost uniform response across the entire mass range of elements 
[Finnigan-MAT, 1992].
46
2.2.5 The Quadrupole Mass Spectrometer
The quadrupole mass spectrometer provides a periodic and axially symmetrical radio 
frequency field, which will transmit a selected mass group and cause ions of the incorrect 
mass to deflect away from the axis. The quadrupole mass analyser is preferred over other 
types of mass spectrometer detectors as they are relatively cheap and compact. The 
quadrupoles are more tolerant of high operating pressures and can be scanned rapidly at rates 
up to 3000 mass units per second. In terms of analytical performance, the quadrupole mass 
analyzers transmit a large fraction of the injected ion beam and their resolution, although 
relatively poor, is usually sufficient to separate peaks from elements with adjacent mass 
numbers, which is suitable for most analytical purposes.
2.2.6 Data Acquisition
Common detectors that are used in commercial mass spectrometers include the 
channel electron multiplier (GEM), the Faraday cup, the scintillation counter and the 
photographic plate. The Finnigan-MAT Sola instrument is unique in that it comprises both 
the electron multiplier and Faraday Cup detectors to cover a wider concentration range.
Ions, resolved according to their mass, leaving the mass spectrometer are most 
commonly detected by an off-axis channel electron multiplier. The standard CEM consists of 
a curved tube (dynode) the interior of which is coated with an electron-emitting substance, 
which functions as an amplifying device. Incident ions enter the tube from one end and strike 
an interior wall. The electrons that are emitted when the ions strike the wall are accelerated 
down the length of the tube by the potential difference maintained across the tube. Each time 
an electron strikes an interior wall further amplification occurs. Towards the bottom of the 
tube the space charge of electrons that builds up during the cascade becomes sufficient to 
inhibit further multiplication. This effect ensures that all output pulses are of the same size, 
about 10^  to 10* electrons. The cloud of electrons leaving the CEM is collected by the 
collector anode, which is used to produce an analogue signal that is fed into an amplifier. The 
signal from the amplifier is compared with a reference level from the ICP-MS control unit, 
via a discriminator which rejects noise. Signals from the ion detector are counted into 
memory channels and subsequently transferred to a data storage medium.
The Faraday cup is the simplest of the detectors and has the advantage of being able 
to monitor ionic currents of about 10'^  ^ A or greater. It consists of a metallic cup that is 
maintained at a potential relative to the remainder of the spectrometer that allows ions to be 
captured by the cup. Often the cup is maintained at virtual ground potential. Ions exiting the
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mass analyzer pass through a collimating slit and, in some instruments, through one or more 
suppressor grids or electrodes prior to striking the cup. The suppressor electrode is 
maintained at a potential that returns to the cup any secondary ions that are emitted during 
bombardment of the cup by sample ions. The current produced by ionic bombardment of the 
cup is converted to a potential, amplified electronically and displayed on the readout device.
2.3 Instrumentation and Reagents
The inductively coupled plasma mass spectrometer used in this experimentation was 
a Finnigan-MAT Sola instrument, supplied by Finnigan-MAT (Hemel Hempstead, U.K.). 
Sample introduction was carried out using a high solids V-Groove nebuliser, operated in 
conjunction with a water-cooled spray chamber. The torch, which was of the Fassel type, was 
maintained at a temperature of approximately 8000 K, with the sample reaching the mass 
spectrometer through a three cone interfacing system. A quadrupole mass spectrometer was 
used to analyze the ions according to their mass to charge (m/z) ratio. Detection was 
conducted by either a pulse counting electron multiplier or a DC Faraday amplifier.
2.3.1 Operating Conditions
The sensitivity of each analyte ion in ICP-MS depends upon the various operating 
conditions of the system; namely the plasma power, the carrier gas flow rate, sampling depth 
and the water content of the carrier gas flow and aerosol. Since the optimum operating 
conditions vary for each element, compromised conditions established for the internal standard 
were adopted throughout the study. The ion optics of the mass spectrometer were tuned using 
a synthetic solution of 1 0 0  ng ml'  ^of indium, so that a maximum response was obtained (peak 
maxima and symmetry were optimised using 100 ng ml'^ ^Li, “^In and ^*Pb). Typical 
optimum operating conditions are summarized in Table 2.2.
A synthetic solution of indium at a concentration of 100 ng ml'  ^ optimised for a 
maximum response produced approximately 300,000 counts. Background counts
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Table 2.2 Typical Operating Conditions for the Finnigan-MAT Sola ICP-MS
Incident Power 1.1 kW Reflected Power OkW
Nebuliser Pressure 3.95 bar Cooling Gas Flow 15 1 min'
Intermediate Gas Flow 1.0 1 min' Nebuliser Gas Flow 5.3 1 min'‘
Spray Chamber Temperature 1.9 °C Cooling Water Temperature 15 °C
Pump Speed 0.8 ml min'* Resolution 40
Y steer 7.70 Y Deflection 3.20
X Deflection 5.30 Extraction 2.86
Focus 9.42 Match 4.60
Pole Bias 3.0 Filter 5.70
Interspace 4.14 Discriminator 0.6
Multiplier Voltage 5 Vacuum Stage 1 2.9 mbar
Vacuum Stage 2 3 X 10'^  mbar Vacuum Stage 3 2.2 X  10^ mbar
2.3.2 Data Acquisition and Quantitative Analysis
The Sola software provided in conjunction with the Finnigan-MAT Sola ICP-MS 
instrument was used to obtain the processed data. The output, which was in the form of raw 
counts, was re-integrated using an inhouse programme FASOLA [Abou-Shakra, 1992]. 
Using these data, concentrations were calculated incorporating corrections for both the blank 
and the internal standard. Quantitative analysis is most commonly conducted using a series 
of external calibration standards. Matrix-matched standards are usually adequate for the 
calibration of liquid sample solutions provided that the total dissolved solids content of the 
sample is below 2000 fig ml'^ [Jarvis, 1992]. Above this level viscosity and matrix effects, 
such as signal supression can be significant, but the use of matrix matched standards may 
overcome this.
The stability of the analytical signal over extended run periods is ensured by using 
methods of external and internal corrections to rectify changes in sensitivity. In external 
correction procedures the same solution is analyzed intermittently (i.e. typically after five 
sample solutions) throughout an analytical run. The recorded change in signal for each 
element in that solution is assumed to be a linear function with time. The relative change in 
signal between two runs of the external standard is recorded and a correction applied to each 
of the intervening unknown samples, but limitations of this method lie in the assumption that 
the change in response is linear.
Internal correction involves the use of one element as a reference point for the 
correction of a second. An internal standard may be used to correct for both short and long
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term fluctuations, calibrate for a second element and correct for unspecified matrix effects. 
The effectiveness of an internal standard requires that its behaviour reflects that of the analyte 
elements. The choice of internal standard is limited by the other elements present in the 
analyte matrix and that it should not suffer from isobaric overlap or polyatomic interference. 
Frequently used internal standards include In and Rh, both of which lie in the centre of the 
mass range, occur in very low concentrations naturally and are almost 1 0 0 % ionised.
Calibration throughout this work was carried out using synthetic standard solutions 
prepared in 1 % HNO3, with the measured standard data fitted to a calibration line using linear 
least squares regression analysis as appropriate. Internal standardization using "^In was 
employed to correct for instrumental drift and to some extent matrix effects. The nature of 
this study required detection by both the Faraday-cup and electron multiplier, but problems 
were encountered in detecting In (at 100 ng ml'^) by the Faraday detector. Consequently a 
second internal standard was required. The elements measured by the Faraday detector were 
of concentrations exceeding 0.5 fig ml'^ and of mass less than 60 m/z. Beryllium was chosen 
specifically for its 100% abundancy, m/z ratio in the required range (9) and the absence of 
polyatomic and isobaric interferences. Little documented evidence exists as to its presence in 
foodstuffs and this suggests that Be content of cereals and milks is likely to be insignificant.
2.3.3 Chemicals and Laboratory Ware
Double distilled deionised water (DDW) used throughout the elemental study was 
obtained from an ELGASTAT UHQ (Buckinghamshire, U.K.) water purification system at 
a resistivity of 18 Mfi cm '\ Inorganic standard stock solutions (1000 and 10,000 fig ml'^) and 
70% nitric acid (Aristar), were purchased from BDH Chemicals (Hampshire, U.K.). 
Perchloric acid and hydrogen peroxide both Analar grade were purchased from Fisons 
Scientific Apparatus (Loughborough, U.K.).
Metal free polypropylene tubes were acquired from Elkay Laboratory Products 
(Hampshire, U.K.), sterile containers from Sterilin (Middlesex, U.K.) and teflon beakers 
from BDH Chemicals (Hampshire). Finally the pipettes used in this study were the EDP-2™ 
and the EDP-plus, in conjunction with Rainin™ tips, purchased from Anachem Ltd 
(Bedfordshire, U.K.). The foodstuffs, breakfast cereals, flours and fresh milk, were bought 
from local retail outlets such as Sainsburys, Waitrose, etc and are listed in Appendix 1. The 
cereals were stored at room temperature, with the milk samples stored at a temperature of 
5°C.
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All sample preparation equipment was cleaned by soaking in 10% HNO3  for a 
minimum period of 12 hours and the rinsed thoroughly with DDW prior to use. Teflon 
beakers were boiled in 40% HNO3 , rinsed with DDW and stored in plastic bags.
2 .4  In s tru m en ta l P erform ance
2.4.1 Sensitivity
Sensitivity is defined as the ratio of the change in the instrument response with a 
corresponding change in analyte concentration. It may also be defined as the concentration 
of analyte required to cause a given instrument response [W illard, 1988]. The sensitivity for 
a given concentration of an element using ICP-MS is obtained by determining the count rate.
The responses are measured as area counts sec'\ where:
Peak area (counts)
Area Counts sec'^
Total peak dwell time (seconds)
Table 2.3 Response Factors for the Finnigan-MAT Sola ICP-MS (counts sec ‘)
Element Response Element Response Element Response
’Li 7232027 2752164 ^Mo 882113
®Be 1787449 2844974 '°"Ag 47167
10b 1760734 ^Ni 2460346 “’Cd 309054
=Na 7348363 1646742 “ I^n 341566
’ '^Mg 3141593 ^Zn 985980 “»Sn 154217
” A1 2693714 ^Ga 1522398 ”'Sb 101004
26835012 ’^Ge 944203 127] 3480
^Ca 13137325 ’^As 158011 132707
48Ti 2315820 186296 '^Ba 88780
51V 2058929 "^ Rb 976750 7601
2189043 863605 208pb 28070
2197074 89y 945742
The sensitivities for the Sola ICP-MS instrument are presented in Table 2.3 for a 
series of elements in a multielement solution. Each element was prepared at a concentration
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of 100 ng ml’^  in 1% HNO3, with the exception of I and Hg both of which were both 
prepared at concentrations of 10 ng ml \  The sensitivity is affected by a number of 
parameters including the signal to noise ratio, the physical and chemical properties of the 
element and the composition of the sample matrix, which accounts for the variation in 
elemental response. The isotopes assessed in this experiment were chosen for their relative 
abundances, although in some cases the elements are mono-isotopic, or in order to avoid 
interference effects. The importance of designating specific isotopes for the measurement of 
certain elements is described further in Section 2.4.5.
2.4.2 Linear Dynamic Range
The linear dynamic range can be defined as the part of a calibration curve where the 
change in signal response is directly proportional to change in the concentration of the 
element of interest, i.e. the relationship between response and elemental concentrations 
satisfies the equation for a straight line. The linear dynamic range in ICP-MS has been shown 
to be up to and over six orders of magnitude [Jarvis, 1992]. However, when count rates 
exceed 1 0  ^ counts s '\  the electron multiplier suffers severe deviation from linearity and the 
high counts dramatically shorten the lifetime of the detector. The Finnigan-MAT Sola ICP- 
MS has been constructed to extend the linear dynamic range by utilizing the two modes of 
detection previously discussed in Section 2.2.6. For high count levels the Sola instrument may 
be adjusted to use the Faraday detector, which has a linear atomic response across the whole 
mass range with a dynamic range of, typically ten orders of magnitude [Finnigan-MAT, 
1992]. The wide linear dynamic range of ICP-MS systems is adequately documented to 
assume that the Finnigan-MAT Sola responds linearly over the ng to /Ltg ml'  ^ range required 
for this study.
2.4.3 Limits of Detection
ICP-MS is characterised by greater sensitivity and lower instrumental detection limits 
than any other rapid multielement technique [Gray, 1989]. The detection limit of an 
instrument for a particular analyte is the minimum amount of this analyte that can be 
statistically distinguished from the blank. So that in general terms the limit of detection of an 
analyte may be described as that concentration which gives an instrumental signal fyj 
significantly different from the signal of the blank fyJ. Recent guidelines suggest that the 
criterion should be:
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y  -  yb =  3  cy
where Oj, corresponds to the standard deviation of the blank
In order to calculate the detection limits for this particular instrument, ten integrations 
of double distilled deionised water were followed by ten integrations of a multielement 
standard containing 100 ng ml'  ^Li, Be, B, Na, Mg, Al, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, 
Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Mo, Ag, Cd, In, Sn, Sb, Cs, Ba, Pb and 10 ng ml'* I 
and Hg. The standard deviations obtained for the water sample counts were correlated against 
the counts from the standard solution to obtain the limits of detection.
Table 2.4 Detection Limits for the Finnigan-MAT Sola ICP-MS (pg ml *)
Element Detection Limit Element Detection Limit Element Detection Limit
’Li 59.8 ”Fe 740.6 ’«Mo 57.4
26.6 ’®Co 19.2 107Ag 47.4
ioB 631.8 ’«Ni 65.2 ‘"Cd 38.1
’’Na 871.2 ®’Cu 25.1 "’In 58.3
’'‘Mg 45.8 18.5 "«Sn 64.6
” A1 67.8 ®^ Ga 11.0 "‘Sb 74.8
148.6 ’'‘Ge 27.9 i” l 160.5
'“Ca 309.6 ”As 15.4 ‘” Cs 39.3
4>pi 25.1 «’Se 91.4 "«Ba 26.8
51V 66.1 «’Rb 19.0 :°*Hg 926.9
” Cr 55.3 ««Sr 12.5 208pb 29.3
’’Mn 18.5 89y 15.8
The detection limits reported in Table 2.4 were calculated with the instrument 
optimised for a full mass coverage using a synthetic solution of the elements. It is likely that 
optimization for individual elements would lead to even better values, but the magnitude of 
the standard deviation on the background, used in calculating the limits, is matrix dependant. 
However, ICP-MS spectra are characterised by very low background count rates which are 
generally not greatly affected by sample compositions. Nevertheless, the composition of the 
final acid medium (e.g. the presence of chloride, sulphate and other ions) and contamination 
levels of reagent blank solutions may significantly decrease the detection limit for some 
elements. Overall the detection limits determined for the Finnigan-MAT Sola ICP-MS were 
observed to far exceed cited documented values for the elemental composition of both cereal 
and milk matrices, generally by over a factor of 1 0 0 0 .
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Table 2.5 summarizes the literature data available for breakfast cereals, wheat flours 
and milk samples.
Table 2.5 Cited Concentration Ranges (jig  g'*) for the Elemental Composition of 
Breakfast Cereals, Wheat Flours and Milks [Holland, 1988a]
Element Breakfast Cereals Wheat Flours Milk
Na 1200 - 14800 30 - 3600 510 - 600
Mg 850 - 3700 190 - 1200 110- 130
K 630 - 9200 1000 - 2500 1400 - 1600
Ca 110 - 1200 1100 - 3500 1100 - 1300
Mn N 6 - 190 Tr
Fe 34 - 440 1 7 -3 9 0.3 - 2.3
Cu 0.3 - 10 11 -4 5 Tr
Zn 3 - 84 6 - 19 3 - 0
Se* N 40 - 530 10
I* N N 70 - 370
Elements measured in concentrations of /ig per 100 g.
N Present in significant quantities, but no reliable data exists as to the amounts.
Tr Trace levels.
2.5 Precision and Accuracy
Precision and accuracy are assured through the selection of methods of standardization 
best suited to the analysis; calibration curves, standard addition, internal standardization, 
external standardization and standard reference materials. Statistical methods must be 
employed to assess precision and to evaluate the results of an analysis. The rejection of 
outlying points, linear regression analysis to establish calibration curves and tests for 
significance are all required to maintain quality control.
Precision is an estimation of the analytical reproducibility of a measurement and is 
normally calculated from the standard deviation (one sigma) of a replicate set of analyses. The 
precision is normally expressed as the relative standard deviation and is readily obtainable for 
any analytical technique. The precision of the Sola ICP-MS instrument was determined by
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calculating the standard deviation of ten integrations of a multielement standard containing 
100 ng ml * Li, Be, B, Na, Mg, Al, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, 
Se, Rb, Sr, Y, Mo, Ag, Cd, In, Sn, Sb, Cs, Ba, Pb and 10 ng ml * I and Hg. The results are 
reported as relative standard deviations (%) in Table 2.6.
Table 2.6 Precision Data for the Finnigan-MAT Sola ICP-MS (RSD %)
Element RSD (%) Element RSD (%) Element RSD (%)
’Li 1.23 ” Fe 1.21 ’«Mo 1.32
’Be 4.62 ” Co 4.12 107Ag 2.61
lOg 6.97 ’«Ni 4.38 "‘Cd 3.98
” Na 4.72 “ Cu 4.03 "’In 2.98
’'‘Mg 5.21 “ Zn 6.35 "«Sn 0.82
” A1 7.72 “ Ga 1.76 ‘’‘Sb 2.28
” K 8.54 ’'‘Ge 1.34 ‘” I 7.31
^Ca 3.85 ” As 1.88 ‘” Cs 1.96
4 ^ i 2.33 «’Se 6.12 ‘««Ba 6.80
5iv 3.12 «’Rb 3.91 202Hg 9.30
” Cr 1.96 ««Sr 3.03 208pb 11.48
” Mn 2.89 8 9 y 3.40
Precision values of the order 1 % RSD have been achieved using ICP-MS [Olivares, 
1988] and comparable results were observed for most elements in this study. Iodine and 
mercury both had slightly higher than average RSD percentages. Both these elements, 
alongside B, are considered to be "sticky elements" and thereby exhibit memory effects and 
reducing precision. The poor rsds for I and Hg are also a function of their relative 
concentrations in solution; as the elemental concentrations approach the detection limits 
precision is reduced. Figure 2.2 illustrates the comparative washout periods for In and I, in 
which a 100 ng ml * solution of each standard was passed through the ICP-MS system for 
a period of 5 minutes followed by a subsequent washout period of 25 minutes
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Figure 2.2 Comparative Washout Periods for Indium and Iodine
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The precision analysis of lead at the upper end of the spectrum also produced slightly 
higher RSD values, but this is a function of poor resolution at this end of the mass range. 
Figure 2.3 illustrates the poor resolution of the lead peaks at m/z 205, 206 and 208.
Figure 2.3 Resolution at the Upper End of the Mass Spectrum
Scale s 1.0E+4 cps Dwel1 time per channel s 256 m<
Plot type 5 Linear Channels per AMU % 8
Detector : Mu1tip1ier Mumber of passes n 1
Quadrupole mass analyzers perform best with ions having low kinetic energies. The 
resolution is not greatly sensitive to ion energy spread in the axial direction if the maximum 
energy stays below a certain value, usually around 20 eV. If the ion energy is too high, the 
ions pass through the quadrupole too quickly and do not experience enough RF cycles for 
proper resolution. The peaks resulting from such high-energy ions tend to be split and broad 
resulting in the poor resolution between adjacent peaks. The kinetic energy of an isotope is 
mass dependant and as the kinetic energy increases, the resolution is reduced. This problem 
is apparent with lead because the element has several adjacent isotopes with low abundances. 
However, this may be overcome by using valley-to-valley integrations where problems of 
poor peak shapes are overcome. The poor data for B has been attributed to the memory effect 
of this element, but it may also be a function of the low abundancy of *°B (19.78). This 
isotope was used in preference to **B isotope to interference effects from the tail. The 
high rsd for potassium is a consequence of the ^Ar tail and similarly, the measurement of 
^^ Al is hindered by ^Si. Generally the precision values obtained for the Sola ICP-MS
57
instrument are below 5% and these are considered to be adequate for undertaking 
multielement analysis.
Accuracy is a measure of how closely the analytical data lie to the "true" composition 
of the sample, and is far more difficult to assess than precision. In practice the accuracy is 
best estimated by the analysis of standard reference materials (SRMs). These materials 
comprise samples of proven homogeneity that have been analyzed by a wide variety of 
techniques (commonly involving a large number of laboratories worldwide), and a measure 
of their "true" composition obtained. Comparisons of measured and "true" values for SRMs 
provide the means by which the accuracy of a method can be assessed. Where SRMs of 
comparable compositions to samples are unavailable, accuracy may only be estimated by the 
use of techniques such as isotope dilution or standard addition (see Section 2.5.4). Standard 
reference materials (NIST 1567a Wheat Flour and NIST 1549 Non-Fat Milk Powder) were 
used to ensure the accuracy of the analytical procedures employed for the determination of 
the elemental composition of the sample matrices in this study.
2.5.1 Interferences
The interferences which occur in ICP-MS fall broadly into two categories, 
"spectroscopic" and "non-spectroscopic" or "matrix effects". Interferences derived from the 
matrix and from the reagents employed in the digestion of the matrix, limit the precision and 
accuracy of ICP-MS analyses. These interferences are the primary causes of deterioration of 
detection limits in the analysis of samples containing high levels of certain analytes. However 
most interferences occur at an m/z of below eighty from combination with the major plasma 
ions, Ar, 0  and H, which have masses of forty or less.
2.5.1.1 Spectroscopic Interferences
(a) Isobaric Interferences
An isobaric overlap exists where two elements have isotopes of essentially the same 
mass. In reality, the masses may differ by a small amount, perhaps 0.005 m/z, which cannot 
be resolved by the quadrupole mass analyser. For example the principle isotopes of "“Ar and 
""Ca coincide and therefore the measurement of calcium generally requires the use of the 
minor isotope o f '‘^ Ca. The spectrum of deionized water in Figure 2.4.1 illustrates that in the 
absence of Ca ions, an extremely abundant peak exists at a mass of 40. The effect of isobaric
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interferences is generally overcome by the fact that most elements in the periodic table have 
at least one (e.g. Co, m/z 59), two (e.g. Sm, m/z 147, 149) or even three (e.g. Sn, m/z 117, 
118, 119) isotopes free from isobaric overlap. Appendix 2 summaries all isobaric 
interferences.
Figure 2.4.1 A Spectrum of Double Distilled Deionized W ater
Ar-Ar
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(b) Polyatomic ions
Polyatomic ions are more serious practical interference problems than those caused 
by elemental isobaric overlap. These ions arise from short lived interactions between major 
species in the plasma, e.g. ArO+. Argon, hydrogen and oxygen are the dominant species 
present in the plasma and these may combine with each other or with elements from the 
analyte matrix. Major ions such as N+, S+ and CT present from the use of acids (nitric, 
sulphuric and hydrochloric) during sample preparation also participate in these reactions. The 
extent of polyatomic ion formation and thus the effective interference problems, depends upon 
many factors including extraction geometry, operating parameters for the plasma, but most 
importantly upon the nature of the acid and sample matrix [Gray, 1987]. Table 2.7 illustrates 
some of the common polyatomic interferences observed.
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Table 2.7 Common Polyatomic Interferences in ICP-MS
Polyatomic Combination Isotope Polyatomic Combination Isotope
1 4 N 1 4 N % i 36s 18q
3 1 ? 40at16O
3 5 C 1 1 4 N 4 ? T i ■^ G^e
3Sci16o S l y ^a F^ci
3 7 c i l « 0 '«AF’CI ^Se
However, in practical analysis there are relatively few serious interference effects 
from such species providing that sample preparation receives due attention. The mass 
spectrum from 5 to 85 m/z is shown in Figure 2.4.2 for deionized water. The largest peak 
shown in this mass range is from '^Ar'^Ar at 80 m/z which overlaps the ^Se isotope. Peaks 
appear at 56 and 41 m/z from combinations of '^Ar^^O f^Fe) and "^Ar^H C^ K^) respectively. 
A correction may be made for the overlap of a polyatomic ion peak with an elemental blank. 
For example it may be possible to successfully use a reagent blank to correct successfully for 
peaks such as '^Ar^^O and However, these peaks may be relatively large compared
with the analyte contribution at any given mass and significant errors in the data may result 
if a correction is applied.
Figure 2.4.2 A Spectrum of Deionized Water Across the m/z range of 5 to 85
At
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Ar-Ar
Mass 16 32 64 96 112
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(c) Analyte Oxides
Although polyatomic ions probably present the most serious interferences, in some 
matrices analyte oxide ions may arise due to incomplete dissociation in the plasma, 
recombination in the plasma tail or ion-molecule reactions during ion extraction. In general, 
the level of oxide formation rarely exceeds about 1.5% for most elements [Gray, 1987], but 
it appears to be dependant upon the plasma operating conditions and the amount of water 
introduced into the plasma with the sample. The use of a cooled spray chamber significantly 
reduces the vapour entering the system, through condensation, but the interferences may 
simply be avoided by using an alternate isotope [Date, 1989].
(d) Doubly Charged Ions
In the ICP, most ions are produced as singly charged ions although some formation 
of multiple charged species does occur. The formation of doubly charged ions is dependant 
upon the second ionization energies of the element under investigation. Only those elements 
with a second ionization energy lower than the first ionization energy of Ar (15.76 eV) will 
undergo any significant degree of 2^ formation. The presence of doubly charged ions results 
in two main effects. The first is a slight loss in the signal of the singly charged species, while 
the second is to generate a number of isotopic overlaps at one half of the mass of the parent 
element e.g. on ^Ga^. Generally the typical levels of doubly charged ions are quite
low and in many cases alternate isotopes may be employed. Therefore few serious 
interference effects result from the formation of doubly charged species.
2.5.1.2 Non-Spectral Interferences
(a) High Dissolved Solids
The physical interference from a high concentration of total dissolved solids in the 
analyte solution results in the condensation of vaporized analyte in the plasma, which forms 
a coating of fine powder around the cone which is part of the expansion stage wall in contact 
with the plasma. If the deposit is thick enough it may obstruct the aperture resulting in 
instrumental drift and non-linearity at higher concentrations. This may be contained by 
working at lower dissolved solids content of the analyte and using apertures of 1  mm or more 
in diameter. High dissolved solids alter the sample viscosity, which changes the aerosol 
formation, which in turn influences the composition of the plasma. This may cause electrical 
discharges between the skimmer and the accelerator cones, resulting in signal pulses trip the 
multiplier detector.
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Memory effects may also interfere significantly with the analysis. These effects are 
a result of ions in which the response signal decays relatively slowly, after the initial decline. 
The memory is mainly attributable to volatilisation of the excess analyte from the walls of the 
spray chamber, torch and the associated glassware. Certain elements are very troublesome, 
particularly the more volatile ones such as I, Br and Hg. Memory affects do not cause 
significant problems if adequate wash out periods are employed and the level of standard 
introduced prior to sample analysis is not unrealistically high.
(b) Matrix Suppression ami Enhancement Effects
ICP-MS signals are known to be affected by high concentrations of dissolved solids. 
Increased levels of salts containing readily ionisable elements such as Na, K and Ca, 
significantly increase the total electron density in the ICP and hence the analytical signals 
decrease below that observed under conditions of low salt concentrations [Olivares, 1988]. 
Concentrations of above 0.1% w/v may be sufficient to do this and therefore in practice total 
solids content of biological solutions are maintained below this. In practice, matrix effects can 
be difficult to measure and quantify. High concentrations of the matrix elements lead to a 
blocking of the sample orifice and therefore erratic loss of signal. In addition, high matrix 
concentrations lead to poorer precision [Wilson, 1987].
Matrices such as cereals and milk contain excessive levels of the electrolytes, Na, K, 
Ca, Mg, Cl and P [Holland, 1988a]. These concentrations may be sufficient to cause 
suppression or enhancement of the signal of other elements in the matrix. The following 
experiment has been conducted to assess the impact of high concentrations of the electrolytes 
on the determination of a multitude of elements. An evaluation of the interferences due to 
1 0 % nitric acid has also been carried out.
A multielement standard solution, containing 100 ng ml’^  Li, Be, B, Na, Mg, Al, K, 
Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Mo, Ag, Cd, In, Sn, 
Sb, Cs, Ba, Pb and 10 ng ml ' I and Hg prepared in 1  % HNO3  was used to assess electrolytic 
suppression and enhancement. This standard was used as a reference to a second solution 
prepared containing the same elements and 1 0 % nitric acid to assess interferences due to the 
acid. Further standard solutions containing the same elements were prepared and individually 
spiked with 100 /xg ml'' of Na, K, Ca, Mg, Cl and P, to examine the effect of these 
electrolytes. Figures 2.5.1 and 2.5.2 illustrate the effect of these electrolytes on the elements.
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Figure 2.5.2 An Assessment of Electrolytic Suppression of the Isotopes Contd.
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Figure 2.5.1 An Assessment of Electrolytic Suppression of the Isotopes
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The standard solutions in this experiment were spiked with concentrations of the 
electrolytes appertaining to their "real" levels in both cereal and milk matrices (refer to Table 
2.5) and taking into account dilution factors. The results indicate that the presence of the high 
concentrations of electrolytes did not significantly enhance or suppress the signal of the 
isotopes assessed in this study. The isotopes used throughout this section have been carefully 
chosen to avoid spectroscopic interferences and m/z overlap with other elements e.g. m/z 40 
Ar, K and Ca. Since interferences from polyatomics due to the plasma gases (Ar, O and H) 
are obviously incurred on specific isotopes alternate isotopes, where applicable, must be 
employed for the determination of these elements. In deciding which isotopes to employ for 
elemental analyses it is necessary to deliberate a number of factors. The first consideration 
must be whether the element exists in a mono-isotopic state. For example ^Be, ^Na, "^Al, 
^^Mn, ^^Co,^^As, ^  and ^^ ^Cs are all mono-isotopic and therefore only these isotopes 
may be employed in the determination of these elements. Problems exist with the 
determination of ’^As due to the '^Ar^^Cl overlap and therefore, the measurement of arsenic 
in analyte matrices is restricted.
Secondly, for elements which exist in poly-isotopic states, due attention must be given 
to the relative abundances of each isotopes. For example ^ Li, ^Mg, "^ T^i, ^Ga, *^Rb, 
*^Sr, °^^Ag, ^^ I^n, ^^ ^Ba and ^*Pb are the predominant isotopes for each element and this factor 
has been of paramount importance in their choice for the elemental analysis. Although 
interferences do exist on specific isotopes e.g.^Mg has a overlap, ‘^Ti and
(^^CP^O), the other major isotopes for these elements also have significant interferences e.g. 
^Mg (^^C^^C), ^Mg '^nri (^^CP'^N), ( ^ i ) ,  which means that some compromise
is required. In many cases reagent blanks may correct for these effects.
The third consideration is the problem of peak tailing which interferes with the 
measurement of neighbouring peaks. This is illustrated in Figure 2.6 where the tail from “^ Ar 
clearly interferes with the determination of both and isotopes. This indicates that the 
measurement of potassium by the ICP-MS instrumentation in this study is not possible. 
Similar problems exist with the determination of ^^Mn due to the ‘“’Ar^^O tail at m/z 56 and 
the ^Na tail overlap on ^Mg.
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Figure 2.6 A Spectrum of Deionized Water Across the m/z range of 30 to 80
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Discriminatory selection of specific isotopes allows many of the spectroscopic 
interferences to be avoided, although in certain cases allowances must be made for these 
effects. In instances where matrix effects are likely, a number of methods may be employed 
to overcome some of the non-spectroscopic interference effects:
(a) The use of sample matrix-matched standards to calibrate the instrument and 
eliminate transport effects due to different viscosities. The disadvantage of 
this method is that exact sample compositions must be known; acid 
concentrations and matrix element level.
(b) Dilution of the samples to give concentrations of the matrix elements to less 
than 500 - 1000 /xg m l'\ The problem with this method is that dilution may 
reduce elemental levels to below the detection limits of the instrument.
(c) The use of ion exchange techniques in which trace elements are separated 
from the matrix through ion exchange or co-precipitation reactions. This 
method although extremely successful, can produce poor recoveries and 
extend overall analysis times.
(d) Internal standard calibration techniques can also be employed, but internal 
standards must respond in a similar manner to the analyte.
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2.6 The Analysis of Cereal Matrices by ICP-MS
The sensitivity of ICP-MS enables trace metals to be measured at ultra trace levels 
(sub ng ml'^). Therefore it is essential to prevent contamination during sample preparation. 
Contamination may arise from three main sources; the laboratory environment, the equipment 
used in the homogenization of samples and the digestion apparatus and the analytical reagents 
used in sample preparation. Since the preferred method of sample introduction in ICP-MS 
applications is through solution nebulization, for the majority of matrices dissolution is a 
prerequisite for routine analysis. Strong mineral acids combined with the use of closed-vessel 
systems, which allow increased temperatures and pressures, are normally effective for the 
digestion of most matrices.
2.6.1 Sample Preparation of the Cereal Matrices for ICP-MS Analysis
Various methods have been documented for the digestion of cereal matrices and 
conventional procedures include dry [Lyons, 1982] and wet digestion techniques [Shum, 
1977]. Dry ashing techniques generally involve the heating of the sample in crucibles in a 
muffle furnace at temperatures ranging from 450 - 600 °C. This particular digestion technique 
has the advantages of being cheap, simple and rapid, but losses of the more volatile elements 
may occur. Wet ashing is currently the most commonly used technique to destroy organic 
matter. A relatively restricted number of mineral acids and other reagents are in use for 
sample decomposition, with most procedures employing combinations of either nitric with 
perchloric or sulphuric acids. The digestion temperatures are dependant upon the acid 
mixtures employed.
The trend in wet ashing techniques appears to be moving towards the use of 
microwave ovens [Nadkarni, 1984]. Although the method appears to be rapid in comparison 
to other wet procedures, trapping and evacuating the acid fumes require considerable 
attention. Attempts to a modify a household microwave to remove the acid fiimes have been 
made by employing a water aspirator, a small vacuum cleaner and a drum fan [Abu-Samra, 
1975]. The following experiment considers both dry and wet ashing procedures for the 
digestion of the cereal matrices.
Dry Ashing Procedure
Samples of commercial flour (McDougalls granary), 0.1 - 0.2 g, were weighed into 
porcelain crucibles, prewashed as in Section 2.3.3. These samples were placed in a muffle 
furnace (Gallenkamp) at an initial temperature of 200°C for a period of thirty minutes. The
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temperature was gradually raised to 550 °C and the samples allowed to ash for a further 
twelve hours. (Other experiments in our laboratory have shown that 550°C is the ideal 
temperature as the organic content of biological samples is destroyed, but without the loss of 
the more volatile elements such as lead and selenium). After this period the samples were 
removed from the muffle furnace, allowed to cool and the homogenised ash diluted to a 
volume of 20 ml with 1 % HNO3.
Wet Ashing Procedure
As in the dry ashing procedure, 0.1 - 0.2 g of the homogenized flour material was 
weighed into a 15 ml polypropylene tube and 1 ml concentrated HNO3  (70%) was added. The 
sample was heated in a water bath at a temperature of approximately 100°C for a period of 
5 - 6  hours in order to obtain a complete digest. The digested samples were allowed to cool, 
internal standards. In and Be, added to a final concentration of 100 ng ml'  ^ and 1 /xg ml'  ^
respectively. The sample was diluted to a volume of 20 ml with deionised water.
Microwave Wet Ashing Procedure
Samples were prepared as in the wet ashing procedure described above, but the 
digestion was carried out by placing the polypropylene tubes into a beaker of water. (The 
number of samples that could be simultaneously digested was limited to 5 due to the sizes of 
the desiccator and the beaker). The beaker was transferred to an empty desiccator and in turn 
placed in a microwave oven (Saisho MW, 3500). The samples were digested at a power 
output of 660 W (100%) for a period of 2 - 2.5 minutes. The desiccator was removed from 
the oven and transported to a fume cupboard where the HNO3 acid fumes were released. 
Internal standards (In and Be) were added to the digest which was subsequently diluted to a 
final volume of 20 ml. Reagent blank solutions were prepared in conjunction with the sample 
digests. All samples were analyzed by ICP-MS with the instrument optimised as outlined in 
Section 2.3.1. Each sample was prepared in triplicate and mean values are used to illustrate 
the data in Figure 2.7.
The results are reported only for elements that were observed in the foodstuffs; for 
the remaining elements (Li, B, Ti, Ga, Ge, As, Y, Mo, Ag, Sn, Sb, I, Cs, Ba, and Hg) the 
levels were below the detection limits of the instrument. Examination of the digests indicated 
that all three methods successfully ashed the flour samples. However the data in Figure 2.7 
shows that the results from the dry digestion procedure are generally lower than from the two 
wet digestions. This conforms to reports that dry ashing techniques are poorly suited to ICP- 
MS analysis [Jarvis, 1992].
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Figure 2.7 A Comparison of Digestion Techniques for Cereal Matrices
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Problems arising from the high temperatures employed result in the partial loss of 
elements such as Zn, Cd and Pb or the complete loss of may trace loss through volatilization 
(e.g. As, Se and Hg). In the case of non-volatile elements losses may occur through the 
formation of chlorides or via adsorption on to crucible walls. This limits the application of 
the dry ashing technique. Problems were encountered with the measurement of ’^Al in the 
foodstuffs, whereby the instrument repeatedly tripped around this mass range. Examination 
of the spectra indicated that this was a consequence of the neighbouring ®^Si peak and attempts 
to measure aluminium by the Faraday detector proved unsuccessful due to the low levels 
present in the matrix. As a consequence no further attempts were made to measure this 
isotope.
There appears to be only slight discrepancies between the data for the two wet ashing 
techniques, indicating either may be employed for the digestion of this particular matrix. The 
nitric acid which was employed in the wet ashing procedures is one of the most popular 
reagents used in the decomposition of cereal matrices [Shum, 1977]. Concentrated nitric acid 
is a strong oxidising agent which will liberate trace elements from many materials as highly 
soluble nitrate salts. The oxidising properties of nitric acid are retained only in its 
concentrated form and when the acid is diluted below 2 M these characteristics are lost. Nitric 
acid matrices are generally regarded as being the best acid medium for ICP-MS analysis, as 
the formation of Ho, and Nj polyatomic ions is not significantly increased by the presence 
of an HNO3 matrix [Horlick, 1987].
The main disadvantages observed with the microwave method were firstly the need 
to contain the acid fumes, secondly the need to prevent damage to the magnetron and thirdly, 
the constant operator attention required. The magnetron was protected by operating the 
microwave with the sample in a beaker containing 1 0 0  ml of water inside the desiccator to 
contain the acid fumes. After each digestion the fumes were released into a fume cupboard, 
but the combination of the beaker and desiccator limited the number of sample which could 
be digested simultaneously, to a maximum of five samples. It was also necessary to replace 
the water after each digestion and allow the desiccator to cool to room temperature to 
minimise breakages. It was therefore concluded that the procedure employing the water bath 
was the most successful due to its simplicity, even though extended periods were required to 
ash the samples. Operator attendance was limited to ensuring water baths did not boil dry, 
while the microwave method required a constant presence.
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2.6.2 Cereal Homogeneity
Sample homogeneity is necessary to ensure that an aliquot representative of the bulk 
sample is analyzed. Problems with the flour samples were not envisaged due to the 
homogenous nature of the foodstuff, however, the heterogeneity of the breakfast cereal 
matrices was apparent. The fruit and nut content of all the breakfast cereals was removed and 
the remaining cereal content was processed to produce a uniform mass. The foodstuffs were 
homogenized by placing the cereals in clean plastic bags (to minimise contamination) and 
grinding down samples using a mortar and pestle. The ground particles were then separated 
from the larger particles by passing through a plastic sieve (mesh 0.25 mm).
Samples of Kellogg’s Bran Flakes and Jordans Crunchy Oat Cereal - chosen to 
represent the diversity in the breakfast cereal "structures" - were homogenized as described 
above. From the uniform masses, 0.1, 0.2, 0.3, 0.4 and 0.5 g aliquots were weighed in 
triplicate into polypropylene tubes. Similarly 0.1, 0.2, 0.3, 0.4 and 0.5 g masses of 
McDougalls granary flour were weighed into polypropylene tubes. Finally both sets of 
samples were digested using the following procedure.
Nitric acid (70%, 2 ml) was added to the cereal matrices and the samples heated on 
a water bath at a temperature of approximately 100®C for a period of 5 - 6  hours in order to 
obtain a complete digest. The digested samples were allowed to cool, internal standard was 
added to a concentration of 100 ng ml'  ^ and then diluted to a volume of 20 ml with DDW. 
N.B. The volume of the acid was increased from the quantity used in Section 2.5.1 to ensure 
that complete digestion of the greater cereal masses being assessed in this study. The results 
for all matrices are illustrated in Figures 2.7.1, 2.7.2 and 2.7.3 (corrected for ^^ I^n or ^Be, 
the reagent blank and the sample mass).
In considering the different sample weights in Figure 2.5.2, the corrected counts for 
the 0.1 g samples are anomalous. It is evident from the remaining data that masses exceeding 
0.2 g are representative of the bulk matrix and that any mass within the 0.2 - 0.5 g range 
may be employed for the sample analysis. In determining the optimum mass it is necessary 
to consider factors such as the total dissolved solids content and the expense and 
environmental considerations associated with the increasing volume of acids required to digest 
increased sample masses. Since both the reagents and dissolved solids contents must be 
minimised (as discussed in Section 2.4.5) it is important that the cereal mass analyzed should 
be both representative and minimal. Therefore all further assessments of the cereal matrices 
will examine masses of the order 0.2 - 0.3 g.
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Figure 2.7.1 An Assessment of the Homogeneity of Bran Flakes
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Figure 2.7.2 An Assessment of the Homogeneity of Jordans Crunchy Oat Cereal
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Figure 2.7.3 An Assessment of the Homogeneity of McDougalls Granary Flour
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This assessment has also confirmed that the ashing procedure using HNO3 is adequate 
for the digestion of oat based cereals. Problems were not envisaged with the rice and oat 
based cereals as they readily disintegrate in water. The intra-sample RSDs for the 0.2 - 0.5 
g masses ranged from 5.8% for zinc to 12.7% for Pb indicating, again that the matrix was 
homogeneous, with an even distribution of the elements throughout the sample.
2.6 The Analysis of Milk Matrices by ICP-MS
Ideally it would be preferable to analyze for a range of elements in an organic matrix 
without having to destroy the matrix. This would eliminate contamination from reagents and 
apparatus and loss of sample through transfer between containers. In the case of samples 
which are already liquid, direct analysis may be possible or a simple aqueous dilution of the 
sample may be made. Milk is an oil in water emulsion containing 3 .5 -4 %  fat. The irregular 
globular structure of the fat component of milk, to which some of the major minerals are 
associated may produce erratic results through a heterogeneous distribution of these elements 
[Con:, 1990]. It was therefore considered necessary to solubilize the organic material. Both 
dry and wet digestion procedures may be employed for the ashing of organic material, but 
the possible losses associated with the dry digestion of matrices (Section 2.5.1) limits its 
application.
Initial attempts to utilize a dry digestion procedure resulted in losses through the boiling of 
the milk samples and hence, only wet mineralization procedures were considered for this 
matrix.
2.6.1 Milk Digestion for ICP-MS Analysis
Wet ashing techniques destroy the organic component of the matrix by reaction with 
oxygen generally produced by acids such as HNO3, H2SO4, HCIO4 and in solution. Many 
recommended methods for dissolving foodstuffs use a combination of nitric and sulphuric acid 
[Bock, 1979]. However, sulphuric acid leads to numerous polyatomic interferences in ICP- 
MS and should be avoided wherever possible [Gray, 1986]. The high ionization potential of 
nitrogen (14.55 ev) means that few problems are encountered using HNO3. However, the use 
of nitric acid for the oxidation of milk organics is often hazardous, with the possibility of 
nitroglycerine formation [Ward, 1987] and therefore, extreme caution is required for milk 
digestions. A documented method for the digestion of the SRM IAEA A -II has been assessed 
for the mineralization of fresh milk samples [Emmett, 1988].
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A 1 ml aliquot of fresh milk was pipetted into an acid washed 50 ml teflon beaker. 
The samples were heated gently on a hot plate to reduce their water content; 5 ml HNO3  
(70%) was added and the mixture swirled. The sample was returned to the hot plate and the 
temperature gradually increased until the liquid began to boil. The mixture was allowed to 
boil until approximately 1 ml of a colourless liquid remained. At this point the sample was 
allowed to cool before the addition of 5 ml HCIO4 (70%). The beaker was returned to the hot 
plate and the reaction proceeded as before, until the volume had been reduced to 
approximately 1 ml. Again the sample was allowed to cool before the final stage of the 
digestion in which 5 ml HgOg (30%) was added. The mixture was returned to the hot plate 
and the volume gradually reduced to 1 ml. The resultant clear, colourless solution was diluted 
to 20 ml with DDW for ICP-MS analysis. Samples were prepared in triplicate and analyzed 
under instrumental conditions optimised as in Section 2.3.1. Figure 2.8 illustrates the results 
of the quantitative analysis by the multiplier detector.
Figure 2.8 A Qualitative Assessment of the Milk Digestion Procedure
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The initial HNO3 digestion of the milks was identified by the evolution of brown 
fumes of NO2 , but problems were encountered at this stage of the procedure with the 
incomplete digestion of the milk matrices. A resultant brown solution remained indicating the 
presence of undigested material. Nitric acid boils at a temperature of around 120°C, which 
means that it has a tendency to evaporate before the reaction is complete. Therefore the
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volume of HNO3 employed was gradually increased until a volume of 10 ml was routinely 
employed for the ashing procedures. The increased volume of HNO3 resulted in a reduced 
colour intensity of the digest. The resultant pale yellow solution may be a consequence of the 
increased digestion of the carbohydrate and hydrocarbon constituents of milk.
Perchloric acid is a powerful oxidising reagent when heated, but should not normally 
be used for oxidising materials with high fat content. Problems of local overheating may 
occur in which the temperature may rise dangerously [Emmett, 1989]. Hence, the initial 
matrix attack is effected by HNO3 to minimise the excess fat content. Perchloric acid is 
employed in an attempt to oxidise remaining organics, with the addition of HgOz used to aid 
the oxidation process by increasing its redox potential. Hydrogen peroxide is suited to this 
type of analysis as the only decomposition products are oxygen and water. The slightly 
modified method which uses a greater quantity of HNO3 is summarised below.
(a) Reduce the water content of a 1 ml aliquot of milk in a teflon beaker on a hot 
plate and to the reduced volume add 10 ml (70%) HNO3 .
(b) Heat the combined mixture until the volume is reduced to an approximate
volume of 1 ml, cool and add 5 ml (70%) HCIO4.
(c) Return the sample to the hot plate and again heat until the volume is reduced 
to approximately 1 ml. Cool and add 5 ml (30%) H^Og.
(d) Finally the sample is heated slowly to reduce the volume to approximately
1 ml, internal standard added and the sample made up to 20 ml with DDW.
The above method was successful for the complete digestion of full fat milk and it 
may therefore be concluded that this method may be employed for the mineralization of all 
fresh milk samples.
2.6.2 Milk Homogeneity
The method described in the preceeding section was employed to assess the 
homogeneity of fresh milk samples. Aliquots of 1 , 2  and 3 ml in triplicate, were digested 
using the modified Emmett procedure and analyzed by ICP-MS.
Liquid matrices generally tend to be homogeneous if a sufficiently large volume is 
sampled, but precautions were required in the pipetting of the milk as it tends to foam. To 
ensure the correct volume was transferred each aliquot was weighed to four decimal figures.
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The results in Figure 2.9 illustrate that unlike the cereal samples no discrepancy in the data 
between different aliquots was observed. Therefore a 1 ml aliquot of the milk was considered 
to be representative of the entire sample.
Figure 2,9 An Assessment of the Homogeneity of Fresh Milk Samples
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2 .7  A n Assessm ent of th e  D igestion P rocedures
2.7.1 Reproducibility
The reproducibility of both digestion procedures was assessed through the analysis 
of ten replicate samples of each foodstuff; 0.2 g Bran Flakes and 1 ml aliquots of fresh full 
fat milk. These particular samples were chosen to represent the cereal and milk food groups 
as difficulties were encountered in their digestion. Each matrix was ashed according to the 
procedures described in Sections 2.5 and 2.6, internal standard (In, 100 ng ml'  ^ and Be 1 /xg 
ml'^) was added and the final digests diluted to a volume of 20 ml. Three readings of each 
sample were taken by the Faraday detector and five readings by the multiplier. The results 
of the ICP-MS analysis, which include blank and internal standard corrections, were 
statistically tested using analysis of variance (ANOVA). This test is described in detail in 
Appendix 3. The data for the 10 samples of cereals and milks was evaluated using the 
ANOVA F-test for the null hypothesis that, for each foodstuff the ten means of each element 
are identical. The results are reported in Table 2.8.
Table 2.8 The Reproducibility of the Digestion Procedures for Cereal and Milks
Element F ratio cereals F ratio milks
^Na* 2.33 2.20
2<Mg* 1.98 2.04
44ca* 2.20 2.15
49ri ND 3.21
iiy 7.26 ND
^^ Cr 3.41 3.05
^^ Mn* 6.04 4.83
56pe* 1.55 2.26
5«Ni 9.88 2.01
®^Co 3.15 1.95
1.74 1.63
1.93 1.40
6.33 4.45
% 1.54 1.67
«"Sr 1.86 1.88
*Mo 1.63 1.95
>33Cs ND 1.52
* Elements detected by the Faraday detector
ND Elements not quantitatively determined
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The tabulated critical values of F, above which the means are significantly different 
at the 95% confidence limit for elements detected by the multiplier and Faraday are 2.12 and 
2.39 respectively. The difference arises from the number of degrees of freedom due to the 
different number of scans - 5 for the multiplier and 3 for the Faraday. In this study, at the 
95% confidence limit the null hypothesis that all ten means are identical is rejected for V, Cr, 
Ni, Co and Se in the cereal samples and for Ti, Cr, Mn and Se in the milks.
The F test and ANOVA are highly sensitive only to the differences among the means. 
A significant F test merely indicates that a difference among values of fi exists somewhere 
in the data. The Tukey honestly significant difference (HSD) tests for significance between 
any two mean values once a significant F has been obtained. The following equation is used 
to compare two means by the Tukey HSD test:
^tah
_
n
Where F^y is Tabulated F value
MSw Obtained from summary tables
n Number of samples cases
Where the difference between means exceeds the calculated Tukey HSD value it can 
be concluded that an "honestly significant difference" exists between the two means. Table
2.9.1 illustrates the data for the Tukey HSD analysis of Ti in milks.
The calculated Tukey HSD value for Ti is 142 and any mean difference exceeding 
this indicates an honestly significant difference. Therefore in the data presented in Table 2.9.1 
there appears to be significant variation between the the sample mean data for Ti. Only 
samples 1 and 6 , 3 and 4, 3 and 5, 3 and 10, 4 and 5, 4 and 9, 5 and 8 , 5 and 9, 6  and 7 and 
9 and 8  show no significant differences in their means. Similarly, the results for V, Cr, Mn 
and Se in the foodstuffs indicate significant differences suggesting that the inter-sample 
reproducibility of these elements is poor. The causes of these variations for '^^i, and ^^Cr 
may be attributed to the polyatomic interferences C^N^^Cl, ^^ O^ ^Cl, ^^ O^ ^Cl) from the chlorine 
present in the cereals (565 /xg g‘0 and the perchloric acid employed in the digestion of the 
milk samples. The variation between samples may be a consequence of the non-uniform 
heating across the hot plate, resulting in variations in the residual concentrations of chlorine.
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Table 2.9.1 Means and Differences Between Means for Titanium in Milk
4383 4703 3727 3801
SAMPLE MEANS 
3868 4242 4183 3950 3907 3588
0 319 656 582 515 141 199 433 476 795
319 0 975 902 835 461 519 753 796 1115
656 975 0 73 140 514 456 222 179 139
582 902 73 0 67 441 383 149 106 213
515 835 140 67 0 374 315 81 38 280
141 461 514 441 374 0 58 292 335 654
199 519 456 383 315 58 0 234 277 596
433 753 222 149 81 292 234 0 43 362
476 796 179 106 38 335 277 43 0 319
795 1115 139 213 280 654 596 362 319 0
The measurement of both ^^Mn and ^Se is affected by tailing from neighbouring 
peaks of ^Te C^Ar^^O) and *^ Br (which is ubiquitous in the environment) respectively. The 
results of the Tukey HSD test for Co in Bran Flakes are reported in Table 2.9.2; the 
computed HSD value for cobalt is 165. From this data it may be concluded that there is an 
honestly significant difference between the means of samples I and 4 from the other means. 
This can only be attributed to random variations in the analytical process - contamination 
from the laboratory envrionment or as a consequence of inaccuracies induced through the 
digestion procedure.
Table 2.9.2 Means and Differences Between Means for Co in Bran Flakes
SAMPLE MEANS
3831 3541 3643 3255 3545 3526 3497 3598 3553 3480
0 290 188 576 286 305 334 233 278 351
290 0 102 286 5 15 44 90 12 163
188 102 0 388 98 117 146 45 179 139
576 286 388 0 290 271 242 81 38 280
286 5 98 290 0 19 48 53 8 65
305 15 117 271 19 0 29 72 27 46
334 44 146 242 48 29 0 101 56 17
233 57 45 343 53 72 101 0 45 118
278 12 90 298 8 27 56 45 0 73
351 61 163 225 65 46 17 118 73 0
8 1
Similarly, the computed Tukey HSD value for nickel is 2114. The results in Table 
2.9.3 indicate that only the first sample for Ni in Bran Flakes differs from the others. Nickel 
is a difficult element to measure by ICP-MS as contamination from the nickel cones often 
results. However, in this study it appears that this is not the source of error as only the first 
sample differs. The difference may arise from similar factors to the Co study.
Table 2.9.3 Means and Differences Between Means for Ni in Bran Flakes
86342 90038 89920 898720
SAMPLE MEANS 
89841 90523 90543 89745 89775 90098
0 3696 3578 3378 3499 4181 4201 3403 3433 3756
3696 0 118 318 197 485 505 293 263 60
3578 118 0 200 79 603 623 175 145 178
3378 3181 200 0 121 803 823 25 55 378
3499 197 79 121 0 682 702 96 66 257
4181 485 603 803 682 0 20 778 748 425
4201 505 623 823 702 20 0 798 768 445
3403 293 175 25 96 778 798 0 30 353
3433 263 145 55 66 748 768 30 0 323
3756 60 178 378 257 425 445 353 323 0
2.7.2 Elemental Recoveries
An assessment of the elemental recovery through the application of the proposed 
digestion procedures is necessary to ensure that no errors occur as a consequence of losses 
from adsorption or contamination during the course of the digestion. To assess the levels of 
recovery, five samples each of Bran Flakes and fresh full fat milk were digested according 
to the methods established in Sections 2.5 and 2.6. A further five samples of each matrix 
were spiked to the elemental concentrations listed in Table 2.10 and then digested 
accordingly. Once the digestion process was complete, the first series of samples were spiked 
to concentrations equivalent to those in the second series which had been fortified prior to 
digestion. Reagent blanks were prepared in conjunction with both sets of samples and internal 
standards (In 100 ng ml'^ and Be 1 fig ml‘0 were added all samples. The percentage recovery 
(R) and the standard deviation (SD) of the recovery were calculated using the following 
equations:
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R =_ ' - P X 100
Where Cp Elemental counts for sample spiked prior to digestion
Ca Elemental counts for sample spiked after digestion
S D  = R ^o%  + a |
Where Relative standard deviation of the sample spiked prior to digestion
Relative standard deviation of the sample spiked after digestion
The elemental spike concentrations used in this study were based upon approximate 
elemental concentrations in sample matrices, although to prevent signal deterioration as the 
levels approached the detection limits concentrations were maintained on the slightly high 
side. The composition of both the cereal and milk matrices is complex and therefore the 
combination of spiking the matrix before and after digestion effectively produced matrix 
matched standards. This was necessary as the accuracy of the instrument had as yet to be 
fully established and the calculations for recoveries and standard deviations did not require 
correction for interferences from the matrix. The results for this study are reported in Table 
2 . 10.
The levels of recovery observed for Na, Mg, Ca, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr, 
Mo, Cs were all very good. Poor recoveries were observed for Ti, V and Cr with levels 
ranging from 66.4 to 79.6%. These results indicated bias towards the samples spiked prior 
to digestion that is, losses appeared to arise in the samples spiked prior to digestion. These 
discrepancies may be ascribed to differences in the heating of the samples during digestion, 
as the hot plate used in this study heats non-uniformly. The samples spiked prior to digestion 
were placed on a separate water bath to those spiked after digestion and this may have 
induced differences in the residual chlorine present in solution. Since the measurement of Ti, 
V and Cr is interlinked with interferences from polyatomics associated with the chlorine 
isotopes, any disparity in the chlorine concentrations may result in inaccuracies in the 
observed recovery levels.
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Table 2.10 The Elemental Recoveries (%) from the Proposed Digestion Procedures
Element Cereal Spike 
ng ml ^
Recovery*
%
Milk Spike 
ng ml ^
Recovery*
%
Na 1000 115.4 ±  9.3 100 93.6 ±  8.4
Mg 1000 103.5 ±  7.1 100 105.9 ±  6.9
Ca 1000 94.6 ±  5.7 1000 92.7 ±  4.2
Ti N.D. 10 66.4 ±  5.7
V 50 73.2 ±  6.1 N.D.
Or 100 79.6 ±  3.8 10 80.5 ±  4.6
Mn 100 80.7 ±  7.2 50 81.2 ±  8.4
Fe 1000 94.7 ±  4.3 50 90.6 ±  7.0
Co 100 105.0 ±  5.2 10 108.7 ±  4.8
Ni 100 99.2 ±  5.3 10 96.5 ±  7.1
Cu 100 89.4 ±  3.9 50 88.1 ±  3.3
Zn 100 96.4 ±  9.2 50 93.8 ±  7.6
Se 50 124.5 ±  10.1 N.D.
Rb 100 96.5 ±  5.3 10 88.9 ±  5.8
Sr 10 99.1 ±  7.4 10 105.6 ±  8.1
Mo 50 97.4 ±  1.9 10 92.7 ±  5.2
Cd 10 82.0 ±  7.1 10 85.6 ±  5.9
Cs N.D. 10 90.4 ±  6.2
Pb 10 89.5 ±  9.9 10 90.2 ±  9.1
Percentage recoveries ±  standard deviation 
N.D. Not determined as signal =  blank
Problems were also encountered with the measurement of the ^Se, “^ Cd and ^ T b  
isotopes. The ^^Selenium isotope suffers from tailing effects from *^ Br and all other isotopes 
of selenium are affected by interferences from either isobaric or polyatomics sources, 
indicating that the measurement of Se by ICP-MS is extremely difficult. The poor recoveries 
of Cd may be a consequence of the low abundancy of this isotope. The major isotope of 
cadmium is “ '‘Cd (abundancy 28.86), but this isotope is not employed for the analysis when 
“^In is the internal standard in use. Good recovery data was obtained for lead using the 
valley-to valley integrations, however rsd values were slightly high. This may attributed to 
the poor resolution at the higher mass end for this particular instrument (see Section 2.4.4), 
where the integrations have not corrected adequately.
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In summary the good recoveries obtained for most elements reflect that there are no 
significant elemental losses incurred as a consequence of volatilization. The recoveries for the 
milk samples were generally lower than those obtained for the cereals. However, it is 
apparent from the examination of blank spectra that the reagents employed for the digestion 
of milk contain significant quantities of most elements. Therefore extreme caution is required 
in the preparation of both samples and reagent blanks.
2.7.3 Standard Additions in the Assessment of Matrix Interferences
The method of standard additions is employed for calibration purposes in instances 
where it is impossible to suppress physical or chemical interferences in the sample matrix. 
The instrument response must be a linear function of the analyte concentration over the 
required range. The method involves recording a signal for a sample solution and then adding 
known amount of standards to that sample and measuring the change in response. The latter 
measurement provides calibration in the same matrix as the unknown analyte so that any 
matrix interference should have the same effect on both the unknown and standard. A linear 
least-squares analysis of the response as a function of the amount of standard added provides 
the means for calibration and calculating the concentration of the analyte present in the 
sample.
Five samples each of Bran Flakes and fresh full fat milk were digested using the 
methods established in Sections 2.5 and 2.6. On completion of digestion the samples were 
spiked with 0, 0.5, 1.0, 1.5 and 2.0 ml of the respective multielement standard solutions 
containing the elemental concentrations reported in Table 2.11, prior to the addition of 
internal standard (In 100 ng m l'\ Be 1 p,g ml'^) and subsequent dilution. The concentrations 
of the elements in the "spiking" standard were based upon concentrations observed in the 
foodstuffs, respectively.
Analysis was conducted by ICP-MS with samples analysed in triplicate. The data 
obtained was evaluated using both external calibration and linear regression procedures with 
the results for the cereals and milks presented in Table 2.12 and 2.13, respectively. The 
external calibration involved the use of a synthetic standard solution in 1 % HNO3 (1 % HNO3, 
HCIO4, H2O2 for the milks) containing 1 /^g ml'  ^ Na, Mg, Ca, Fe, Mn, 100 ng ml'  ^ Ti, V, 
Cr, Co, Ni, Cu, Zn, Rb, Sr, Mo, Cd, Cs, and Pb and internal standards 100 ng ml'  ^ In and 
1 iig ml'^ Be. For the external calibration the sample counts were corrected for the internal 
standard and reagent blank before being ratioed to the standard counts.
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Table 2.11 Elemental Concentrations in the Spiking Standards
Cereal Spike 
Concentration
Cereal
Elements
Milk Spike 
Concentration
Milk
Elements
100 /ig ml * ^Na, 2*Mg 20 Mg ml"' "Ca
20 /fg ml'* "Ca, ^^ Mn, ®^Fe 2 Mg ml ' ^Na, “^'Mg, “Fe
2 ng ml * ^Ni, “ Cu, “Zn 1 Mg ml ' “ Mn, “ Ni, “ Cu, “ Zn
1 Mg ml ' “V, “ Cr, “ Co, 0.2 Mg ml ' “ V, “ Cr, “ Co
"%e, “Rb, ^Mo “ Rb, “ Mo, “ Sr,
0.2 Mg ml ' “Sr, "'Cd, 208pb "'Cd, '“ Cs, 2<»Pb
The concentrations reported for the standard additions calibration were obtained for 
each element from the equation of a straight line, where:
Y  = m X  + C
The point of intercept on the X axis, i.e. when the equivalent response signal (Y) is 
zero, gives the concentration of the analyte solution. Therefore the above equation becomes:
0 = m X  + C
and therefore
and absolute values for elemental concentrations are reported
Figures 2.10.1, 2.10.2 and 2.10.3 illustrate the standard addition calibration plots 
obtained for ^®Ni, ^^Zn and -'‘Mg in both cereal and milk matrices, which are typical of all the 
elements assessed in this study.
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Table 2.12 The Regression Data for the Multiple Standard Additions for the Cereals
Element Correlation
Coefficient
r
Sample Concentration 
Linear Calibration 
ngg^
Sample Concentration 
Standard Addition
ng g'^
/-test
Na* 0.893 2826 ±  145 2674 ±  196 1.39
Mg* 0.995 1104 ±  77 1089 ±  98 0.27
Ca* 0.998 773 ±  43 786 ±  62 0.39
V 0.995 152 ±  23 150 ±  18 0.15
Cr 0.991 304 ±  22 292 ±  31 0.70
Mn 0.996 98 ±  11 86 ± 7 2.05
Fe* 0.974 9.8 ±  1.7 10.2 ±  2.4 0.30
Ni 0.996 27.4 ±  5.9 26.2 ±  3.1 0.40
Co 0.993 85 ±  6.3 80 ±  5.4 1.35
Cu 0.996 2597 ±  174 2708 ±  235 0.85
Zn 0.991 34265 ±  1953 32903 ±  2028 1.08
Se 0.897 184 ±  24 170 ±  18 1.04
Rb 0.997 1535 ±  162 1407 ±  132 1.47
Sr 0.993 93 ± 16 79 ±  11 1.61
Mo 0.995 413 ±  34 435 ±  27 1.65
Pb 0.991 27 ±  11 33 ± 9 0.94
Corresponding elemental concentrations in the ^g ml ' range.
The data for the standard addition calculations was not corrected for the internal 
standard as any matrix effects may have been overcome by this means of standardization. 
Since a value of r  =  4- 1  describes a perfect positive correlation i.e. all the points lie exactly 
on a straight line of positive slope, the excellent product-moment correlation coefficient values 
obtained confirm that the method of standard additions may be used for calibration purposes 
in this work.
Initial examination of the results obtained for the analytes indicate that the external 
calibration procedure values correspond well to those calculated using the standard additions 
method for both matrices. Further analysis of the results was conducted using the statistical 
r-test, where the means of two samples are compared by taking the null hypothesis that the 
two methods give the same result (see Appendix 3).
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For 8  degrees of freedom the tabulated critical t value at the 95% confidence limit 
is 2.31. Since the experimental t values are less than this, the difference between the two 
results is insignificant at the 5% level. Therefore the null hypothesis is accepted and it may 
be stated that no significant matrix interferences were observed for the elements assessed.
Table 2.13 The Regression Data for the Multiple Standard Additions for the Milks
Element Correlation
Coefficient
r
Sample Concentration 
Linear Calibration 
ngg'^
Sample Concentration 
Standard Addition 
ng g'^
t-test
“ Na* 0.992 558 ±  49 608 ±  54 1.53
24Mg* 0.990 110 ± 9 121 ±  13 1.55
"Ca* 0.993 1430 ±  136 1342 ±  144 0.99
“ Ti 0.998 164 ±  15 178 ±  17 1.39
“ Cr 0.996 4.8 ±  0.3 4.4 ±  0.8 1.04
“ Mn* 0.995 2.2 ±  0.1 2.5 ±  0.3 2.12
“ Fe* 0.997 457 ±  38 439 ±  32 0.81
“ Ni 0.990 304 ± 29 285 ±  35 0.94
“ Co 0.991 1.4 ± 0.3 1.6 ± 0.2 1.24
“ Cu 0.994 128 ±  10 109 ±  12 1.28
“ Zn 0.993 4630 ± 465 4489 ±  396 0.51
% e 0.899 1.4 ±  0.3 0.9 ±  0.3 2.11
“ Rb 0.999 1291 + 111 1338 ±  137 0.60
“Sr 0.993 270 ±  20 265 ±  28 0.97
“ Mo 0.990 18.6 ±  2.1 17.8 ±  1.6 0.67
"'Cd 0.990 3.1 ±  1.2 4.2 ±  1.6
'“ Cs 0.999 0.82 ±  0.1 0.89 ±  0.1 1.11
208pb 0.992 14.2 ±  5.3 11.9 ±  4.8 0.64
Corresponding elemental concentrations in the /ig ml ' range.
The method of standard additions, although considered to extremely accurate for the 
determination of concentrations in sample solutions, is time consuming and is best suited to 
the assessment of relatively small numbers of elements. In this study it has been shown that 
by using the method of standard additions, matrix interferences do not create major problems 
in the elemental assessment of either milk or cereal products.
Figure 2.10.1 Calibration Plots for Ni Based on the Method of Standard Additions
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Figure 2.10.2 Calibration Plots for Zn Based on the Method of Standard Additions
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Figure 2.10.3 Calibration Plots for Mg Based on the Method of Standard Additions
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2.8 The Elemental Composition of Foodstuffs
The experimental evaluations of the proposed procedures all indicate that the methods 
employed successfully digested the analyte matrices. Interferences are limited to the formation 
of polyatomics and the isobaric overlap discussed in Section 2.4.5. Consequently the 
individual methods have been employed in the elemental analysis of a series of forty breakfast 
cereals and flours and twelve milk samples. The ashed samples were analyzed for their 
multielemental composition under optimised ICP-MS conditions (Section 2.3.1). Quality 
control was maintained through the use of the standard reference material NISTiSRM 1567a 
Wheat Flour for the cereals and NISTiSRM 1549 Non-Fat Milk powder for the milk samples. 
The results are reported throughout this section.
2.8.1 The Elemental Composition of the Cereals
The results of the analysis of NISTiSRM 1567a Wheat Flour are reported in Table 
2.14. They indicate good agreement (at the 95% confidence limit) between certified and 
calculated elemental concentrations for Na, Mg, Ca, Mn, Fe, Cu, Zn, Rb, Mo and Cd.
No data has been reported for Cr, Ni and Sr by NIST, but the reproducibility, 
recovery and standard addition experiments suggest that problems are likely to be incurred 
in the measurement of Cr and possibly Ni. However, the analysis of Sr in cereal matrices is 
free from losses or interference effects and its accuracy may be guaranteed. The calculated 
concentration for Co is higher than the reported value, but it must be noted that the 
concentration supplied by NIST is not certified and therefore, is subject to some degree of 
uncertainty. The unusually high value obtained for which is also a non-certified 
element, may again, be due to the interference from the polyatomic ^^CP^O due to the levels 
of chlorine present in the cereal (565 fig g'^). The results for V have been reported for the 
these foodstuffs, although the accuracy of the analysis of this element is subject to error. The 
results of the lead analysis produced high standard deviations, however the mean 
concentration was within the 95% confidence limit of the NIST reported value. The analysis 
of lead is prone to poor resolution (see section 2.4) and therefore poor data is often obtained.
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Table 2.14 Analysis Data of the SRM 1567a Wheat Flour
Elements Certified Data 
ng g i
Calculated Data 
n g g i
Na 6100 ±  800 6040 ±  360
Mgr 400 ±  20 395 ±  30
Ca" 191 ±  4 187 ±  10.3
V 11" 24.5 ±  6.8
Cr - 282 ±  3.8
Mn 9400 ±  900 8700 ±  400
Fe 14100 ±  500 14500 ±  300
Ni - 30.5 ±  0.3
Co 6" 9.4 ±  4.7
Cu 2100 ±  200 2046 ±  40
Zn 11600 ±  400 11124 ±  153
Rb 680 ±  30 650 ±  5.8
Sr - 2064 ±  59
Mo 480 ±  30 494 ±  34
Cd 26 ± 2 27.5 ±  3.2
Pb <  20" 24.3 ±  7.3
no data is reported for these elements 
these values are not certified 
Concentrations in ptg g"‘
The data reported for the breakfast cereals and flours in Tables 2.15 and 2.16 
respectively, have been classified into groups of wheat, bran, rice, corn and oat based 
breakfast cereals and white, brown, wholemeal and white organic flours in an attempt to 
summarise the results for the forty samples. The results reported in Table 2.15 illustrate a 
large variation in the mineral content of breakfast cereals, even within their own 
classifications. Cereal breakfast foods are made from grain - whole or milled - or from cereal 
premixes. There is a considerable variety in the methods of preparation and the final form 
of cereals. They can be flaked, puffed, shredded, toasted, sweetened, flavoured and enriched 
with vitamin B and minerals [Scade, 1975] and these all contribute to the variations in 
elemental composition within the cereals.
93
Table 2.15 The Elemental Composition of Classifications of Breakfast Cereals
Element
Categories of the Breakfast Cereals 
Concentration Ranges ng g'^  (* ng g b
Wholewheat Wheatbran Rice Oats Corn
Na* 2860 - 3060 1420 - 2090 230 - 380 1.2 - 10.9 11.2 - 48.0
Mg* 1100 - 3280 620 - 2810 710 - 1440 90 - 134 12 - 44
Ca* 740 - 2080 300 - 1740 330 - 1200 43 - 146 12 - 43
V 31 - 46 1 3 -2 5 5.3 - 8.5 45 - 140 64 - 82
Cr 343 - 614 292 - 552 352 - 498 263 - 350 289 - 330
Mn* 60 - 95 80 - 144 19 - 24 23 - 65 38 - 72
Fe* 12.4 - 16.7 10.0 - 19.6 12.6 - 19.2 9.2 - 11.8 10.0 - 15.8
Ni 26.7 - 42.7 57.8 - 95.9 23.7 - 30.7 96 - 159 39.4 - 62.1
Co 78.2 - 90.8 8.4 - 15.6 5.0 - 7.2 20.8 - 38.9 14.8 - 18.9
Cu 2781 - 3822 1370 - 2060 2547 - 2939 1957 - 3769 731 - 1780
Zn 31.9 - 56.8 10.6 - 53.3 13.1 - 29.6 18.8 - 19.9 2.3 - 7.8
Rb 1677 - 2992 2102 - 5292 830 - 1354 1255 - 4877 265 - 1503
Sr 2764 - 3064 3187 - 6991 1402 - 1542 1452 - 6699 981 - 1020
Mo 143 - 289 103 - 297 74 - 306 164 - 301 98 - 211
Cd 2 6 - 3 4 2 3 -6 3 11 - 13 8 - 6 6 87
Pb ND 56 - 109 105 - 194 104 - 143 155
The ND The element was not detected.
The figures obtained from this experimental work correspond well to the literature 
ranges reported earlier in Table 2.5. For the breakfast cereals, the wheat based products 
(wholewheat and wheatbran) were found to contain the highest concentrations of Na, Mg, Ca, 
Cu and Zn. These findings are supported by the data issued by Holland where Mg, Ca, Cu 
and Zn are present in greater concentrations in the wheat based cereals; typical Ca 
concentrations of 560 /xg g’* in Bran Buds compared to 150 fig g'“ in Cornflakes [Holland, 
1988a]. However, there are inconsistencies in the sodium data, where the reported Na 
concentration in Cornflakes exceeded that in many of the wheat-based cereals. This may 
simply be a consequence of variations in added salt concentrations.
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The observed manganese levels were greatest in the wheatbran products suggesting 
that this element is associated with the bran constituent of the wheat grain. The concentrations 
for Mn obtained in this study are in accordance with values reported for grain and grain 
products; 2.4 - 582 fig g'  ^ [Nielson, 1991; Evans, 1980]. The iron values reported in Table 
2.15 for the different breakfast cereal classsifications are comparable with each other. 
However, these levels are significantly higher than those reported for crops such as maize, 
where concentrations range from 1.36 to 1.87 fig g'  ^ [Jimba, 1990]. This may be 
characteristic of the compulsary fortification of cereal products with iron, as diets often 
contain inadequate amounts of this element [Thompson, 1988]. However, concentrations of 
iron in various types of wheat grain (74 to 114 fig g'^  [Torok, 1983]) exceed the values 
reported in Table 2.15. The lower values obtained in this study are most likely due to the 
effects of processing, in which elemental losses are incurred. Similarly, the results obtained 
for rubidium are lower than reported by other authors (4000 to 8800 ng g' )^ and this may also 
be attributable to variability in storage, genetic variety, environmental and processing factors 
[Torok, 1983].
The data for chromium in the different breakfast cereals are of the same order of 
magnitude. Toepfer reported a value of 120 ng g'^  of Cr in Cornflakes [Toepfer, 1973], 
whereas concentrations of approximately twice this were obtained in this work. Similar 
inconsistencies were observed for the wheat-based cereals where literature concentrations of 
70 to 120 ng g'^  were lower by an order of two. The analysis of Cr is subject to errors and 
this may explain the discrepancy (see discussion earlier in this section for the NISTiSRM 
Wheat Flour reference material). Changes in environmental conditions and the effects of 
processing may also account for these differences.
Pennington reported concentrations for V (0 -147 ng '^^ ), Ni (3 - 2285 ng g'^), Co (10 
- 430 ng g'O and Mo (26 - 1170 ng g' )^ in grain and grain products [Pennington, 1987]. The 
result obtained in this study again correspond well to these data, but it must be noted that the 
values reported by Pennington are extremely diverse. The results for the contaminants, Cd 
and Pb are discussed in Section 2.8.4. Pennington also reported a wide range of 
concentrations of Sr in grain and grain products. The results obtained in this study fall within 
the specified range of 0.09 to 46.5 fig g'K Limited data exists for Sr concentrations in 
foodstuffs no essentiality has been established for this element and its toxicity is due to its 
radionuclide ^Sr.
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Table 2.16 The Elemental Composition of Classifications of Flour Samples
Cat^ories of Flour Samples 
Concentration Ranges ng g'^  (* /tg inl'b
Element White Brown Wholemeal Organic
Na* 1.4 - 38.3 16.3 - 64.5 2.9 - 19.7 2.2 - 3.0
Mg* 29 - 34 63 - 90 105 - 143 6 9 -1 1 0
Ca* 136 - 340 224 - 388 88 - 253 71 - 72
V 12.6 - 18.2 15.6 - 20.3 18.2 - 21.0 15.4 - 16.8
Cr 356 - 417 319 - 334 300 - 349 317 - 328
Mn* 5.9 - 8.0 10.6 - 24.7 23.5 - 42.1 29.1 - 38.4
Fe* 9.2 - 10.3 10.5 - 10.7 10.4 - 11.3 9.8 - 10.0
Ni 21.4 - 29.3 24.1 - 39.8 33.4 - 45.2 29.9 - 41.2
Co 30.6 - 45.8 24.3 - 45.1 28 .7 - 33.8 29.3 - 34.6
Cu 1462 - 1667 2190 - 2934 2931 - 4242 3561 - 4036
Zn 7313 - 9853 11251 - 17610 21917 - 33155 30439 - 32924
Rb 363 - 858 773 - 1689 1182 - 1712 2805 - 2248
Sr 2284 - 4171 2591 - 2751 1584 - 4311 1757 - 1824
Mo 323 - 588 389 - 651 225 - 773 305 - 526
Cd 4.6 - 17.2 8.1 - 31.3 20.0 - 41.2 25.4 - 27.6
Pb 5 7 -8 3 5 0 -8 3 62 - 111 77 - 99
The mineral content of the flour samples is significantly lower than the values 
obtained for the breakfast cereals. This is directly related to the effects of the milling and 
grinding processes involved in the production of flours. The samples of white, brown 
wholemeal and organic flours analyzed in this study are all produced from wheat grain. This 
suggests that variations should principally be due to the differences in the extent of refining 
of the grain. The large variations observed between the different classification of breakfast 
cereals was not observed for the flour samples; The results for each element, in the four 
groups, are all of the same order of magnitude. The data presented by Holland in the third 
supplement to The Composition of Foods also demonstrates little variation in the elemental 
composition of white, brown and wholemeal wheat flours; Na (30 - 40 fig g '), Ca (1300 - 
3400 iig g-'). Mg (200 - 1200 fig g^), Fe (20 - 39 fig g '), Cu (17 - 45 fig g '), Zn ( 6  - 29 fig 
g'O and Mn (6.2 - 6 . 8  fig g'^) [Holland, 1988a]. The sodium and manganese data obtained 
in this study are comparable with the above data, but the results for the other elements are
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lower. However, it should be noted that Holland provides only a single concentration for each 
element in each foodstuffs and there is no indication as to the inter-sample error
The mineral content of cereal crops is difficult to control because of all the 
environmental factors affecting their presence. The main sources of trace elements in plants 
are from their growth media e.g. nutrient solutions or soils. The absorption of minerals from 
soils depends largely upon their concentrations in soils, the pH of the soil and the variety and 
stage of development of the plant. The processes may also be sensitive to some properties of 
the soil environment such as temperature, aeration and redox potential.
The absorption of minerals occurs via the crop roots and can be either passive or 
active. The rate of uptake correlates positively with the available elemental pool at the root 
surface. Passive uptake occurs by diffusion of the ions from the external solution into the 
root, while active uptake requires metabolic energy. The minerals available for uptake are 
clearly dependant upon the soil in which the crop is growing and this can often account for 
the large variations observed in the final samples. Other factors which influence the elemental 
compsition of soils include the application of trace elements as fertilizers. Countries such as 
Finland reverse regional selenium deficiencies by impregnating soils with selenium fertilizers 
to increase levels in crops, thereby supplementing the population intake of Se. However, 
increasing the minerals levels present in soils does not always yield an ensuing increase in the 
the elemental composition of crops, as often uptake is selective. This uptake varies with 
environmental conditions, elemental species, density of sowing and length and the maturity 
of the plant.
Harvesting, processing and packaging may also influence the elemental composition 
of foodstuffs. The effects of food processing have previously been discussed in Section 1.2.4, 
but generally induce mineral losses. In elemental analysis every precaution is taken to prevent 
contamination, but similar measures are not undertaken in the processing of crops. The 
inconsistency with which crops are grown i.e. the differing soils, varying climatic regions and 
the current agricultural practice to use fertilizers to ensure an adequate yield, mean that 
discrepancies will always exist in elemental compositions of the same crop. Thus, the variance 
in the elemental composition of wheat, bran, corn or rice based breakfast cereals and flours 
is not unusual.
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2.8.2 The Elemental Composition of the Milks
The results of the analysis of the standard reference material NISTiSRM 1549 Non- 
Fat Milk Powder are reported in Table 2.17. The milk powder was dissolved in 1 ml of 
DDW prior to the initial digestion with HNO3, to ensure consistency with sample analysis and 
to prevent charring of the reference material.
Table 2.17 Analysis Data of the NIST:SRM 1549 Non-Fat Milk Powder
Elements Certified Data 
ngg^
Calculated Data 
ngg'^
Na’ 4970 ±  300 5196 ±  635
Mg’ 1200 ±  30 1202 ±  88
Ca’ 13000 ±  500 12759 ±  925
Ti - 2330 ±  298
Cr 2.6 ±  0.7 2.1 ±  0.8
Mn 260 ±  60 180 ±  75
Fe 1780 ±  100 1750 ±  388
Ni - 4750 ±  104
Co 4.1" 4.00 ± 0.2
Cu 700 ±  100 651 ±  194
Zn’ 46.1 ±  2.2 43.9 ±  4.5
Rb’ 11" 11.1 ±  0.6
Sr - 3870 ±  392
Mo 340" 329 ±  33
Cd 0.5 ±  0.2 0.4 ±  0.1
Cs - 5.73 ±  0.8
Pb 19 ± 3 16.4 ± 5.6
No data is reported for these elements
These values are not certified
- Concentrations present in /xg g"'
The analysis of the NISTiSRM Non-Fat Milk Powder shows good agreement between 
the reported and calculated concentrations at the 95% confidence limit, for the following 
elements; Na, Mg, Ca, Fe, Co, Cu, Zn, Rb, Mo and Cd. This indicates that these elements 
can be measured accurately in the milk samples. However, discrepancies in the results for Cr, 
Mn and Ti were observed. The use of perchloric acid in the preparation of reagent blanks in 
the absence of the matrix, results in significant quantities of residual chlorine. Therefore, high
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readings of ^^Cr are obtained for the reagent blank which are attributable to the polyatomic 
Subsequent blank subtractions induce inaccuracies in the final concentrations. 
Manganese has to measured by the Faraday detector due to the neighbouring peak of^Ar^^O 
which inadvertantly trips the multiplier.
The levels of Mn in this reference material are only of the ng ml'^ order which means 
that tailing from ArO and Fe interfere with its determination. Figure 2.11 illustrates this 
interference on the ^^Mn isotope. The high rsds for Pb may again be related to the poor 
resolving power of the mass spectrometer for this particular instrument, as discussed in 
Section 2.4.4. No values are reported for Ti, Ni, Sr and Cs in the NISTiSRM Non-Fat Milk 
Powder reference material. However, the measurement of Ti is likely to be inaccurate due 
to the interferences associated with the residual chlorine (^ '‘N^^Cl). The results of the 
reproducibility, recovery and standard addition studies for Ni, Sr and Cs indicate that these 
elements may be measured accurately. The results for the analysis of the twenty fresh milk 
samples are reported in Table 2.18 and have been divided into categories of full-fat, semi­
skimmed, skimmed and organic milk.
Figure 2.11 ArO/Fe Interferences on ^^ Mn in the NISTiSRM Non-Fat Milk Powder
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Table 2.18 The Elemental Composition of Classifications of Milk Samples
Element
Cat^ories o f the Milks 
Concentration Ranges ng g'^
Full Fat Semi Skimmed Skimmed Enriched Organic
23Na* 167 - 453 479 - 597 631 - 698 690 - 723 368 - 564
24Mg* 87 - 102 94 - 100 95 - 106 93 - 125 85 - 91
*Ca* 965 - 1182 1054 - 1078 1065 - 1135 1054 - 1698 913 - 1070
49ji 151 - 501 151 - 204 193 - 245 153 - 339 64 - 214
^Cr 1 .14- 1.94 0.20 - 0.63 1.4 - 2.3 1.4 - 11.6 0.03 - 0.90
%Mn* 0.09 - 0.28 0.35 - 0.60 0.31 - 0.43 2.1 - 2.2 0.29 - 0.37
445 - 608 427 - 595 537 - 624 551 - 637 443 - 485
253 - 788 118 - 253 323 - 354 296 - 335 200 - 393
59Co 1.89 - 2.65 0.13 - 1.56 2.1 - 3.4 2.3 - 25.7 2.0
^Cu 81 - 248 135 - 189 115 - 127 97 - 111 6 4 -  156
^Zn 4718 - 5353 4444 - 4778 4530 - 4791 4823 - 5054 4716 - 4843
% 1200 - 1403 1260 - 1338 1227 - 1259 1070 - 1469 750 - 2277
««Sr 262 - 321 263 - 265 321 - 337 263 - 363 225 - 251
**Mo 2 4 -4 5 9.29 24.1 1 2 -3 0 30 - 38
‘"Cd 1.99 - 5.01 2.09 1.45 - 6.05 24 3.06 - 5.72
'*Cs 0.53 - 5.41 3.33 - 0.41 2.01 - 2.09 0.16 - 0.55 0 .1 4 -0 .1 9
208pb 1.3 - 4.0 - - 1.7 - 5.4 22.4
* These elements are present in concentrations of /ig g *
The element was not observed
The ranges presented in Table 2.18 are a reflection of the detailed composition of milk 
which differs from one species of an animal to another and varies quite widely within any one 
species and even between individuals of the same species [Porter, 1975].
Skimmed or separated milk, is milk from which almost all of the fat has been 
removed, while semi-skimmed milk contains only half the fat of whole milk. The data in this 
study shows that no losses are incurred through the fat elimination. The results from the milk 
analysis suggest that the large variation in elemental composition between groups that was 
observed for the cereal products does not exist for the milk samples. This is probably due to 
the more homogeneous nature of milk and the more consistent processing involved in its
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production. Table 2.19 compares the literature ranges to the results obtained in this 
experimental study. The data for Na, Mg, Ca, Fe, Ni, Cu, Zn, Rb and Sr is consistent 
between all the group divisions. The enriched and organic milk products produced results in 
line with the other samples, although it was expected that the enriched milk would contain 
greater quantities of the minerals, while the organic samples reduced levels. The elemental 
contaminants, Cd and Pb were all observed in extremely low quantities.
Table 2.19 A Comparison of Literature and Experimental Ranges for Cow’s Milk
Element Literature Range* 
ng g'^  (* m  g b
Experimental Range 
ng g ^  (* Mg g'b
Na* 300 - 700 367 - 723
Mg* 50 - 240 85 - 125
Ca* 900 - 1690 913 - 1698
Ti <  41" 64 - 301
Cr N.D. - 200 0.03 - 11.6
Mn 10 - 820 190 - 2200
Fe 210 - 4940 427 - 637
Ni 1 - 110 118 - 488
Co 0.3 - 3.0 0.1 - 3.4
Cu* 3 - 4 0.08 - 0.25
Zn* 1 .6 - 12.1 4.5 - 5.3
Rb* 25" 0.8 - 2.3
Sr 220 - 418'’ 225 - 363
Mo 19 - 990'’ 9 - 45
Cd 0.1 - 100 1 .4 -5 .7
Cs 3200" 0.1 - 5.4
Pb 2 - 70 1.3 -5 .4
N.D. not detected
a [Emmett, 1989]
b [Pennington, 1987]
c [Montford, 1980] in samples of dried milk.
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The results for Na, Mg, Ca, Mn, Fe, Co, Zn, Sr, Mo, Cd and Pb are in good 
agreement with those reported by other authors. The literature values for Cs and Rb in the 
dried milk sample are inconsistent with those observed for the fresh milks in this study; but 
these variations are clearly a reflection of the differences in the matrices. The analysis of 
titanium and chromium has previously been demonstrated to be prone to errors and this may 
account for the variation between the experimental and literature values in this study. Finally 
the discrepancy in the nickel and copper results may be attributable to the effects of 
processing which induces both losses and contamination.
Cows’ milk is the most complete of all foods, containing nearly all the constituents 
of nutritional importance to man. The structure of milk means that it is an ideal medium for 
the growth of bacteria and other micro-organisms. The most effective method of destroying 
bacteria is through heat treatment processes, which is the principle of pasteurization. The 
processes of pasteurizing, distribution and storage all introduce contaminants into the milk 
samples, which as in the cereals, limits the reproducibility of replicate analyses.
2.8.3 The Dietary Nutrient Intake of Minerals
As emphasised in Section 1.2.2 the adequate intake of all essential minerals is 
essential for optimum health and activity. Additional requirements are needed for growth and 
during pregnancy, lactation and in times of stress, such as infection. The exact amounts 
depend upon height, age and sex, but also vary according to physical activity, rate of internal 
activities and climate.
In the U.K. the Department of Health have established reference nutrient intakes for 
minerals, which are summarised in Table 1.4. These values were applied to the foodstuffs 
evaluated in this study and percentage daily intakes calculated based upon the amount of each 
food group consumed per person per day. The average consumption figures are reported in 
Table 2.20 where the difference in the two sets of data arises from elemental loss or gain 
during food preparation and cooking.
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An estimation of the mineral nutrient intake has been carried out using the reference 
nutrient intake (RNI) data for a male aged 19-65, as RNI values vary markedly for different 
age/sex groups. The results are recorded as percentage intakes of the daily amount for each 
food group assessed in Tables 2.21 and 2.22. The calculated mineral composition of flours 
has been employed in assessing the elemental intake attributed to bread.
Table 2.20 The Amount of Each "Total Diet" Food Group Consumed [MAFF, 1988]
Food Group Contribution to Household 
Diet as Purchased 
kg person*  ^ day *
Estimated Weight of 
Food Group Eaten 
Kg person * day *
Bread 0.125 0.125
Other Cereals 0.091 0.105
Breakfast Cereals' 0.045 0.045
Meat Products 0.064 0.048
Green Vegetables 0.056 0.042
Potatoes 0.179 0.152
Fresh Fruit 0.077 0.054
Milk 0.299 0.299
Dairy Products 0.042 0.042
' [Crawley, 1988]
The results presented in this section are limited to elements for which reference 
nutrient intake values have been established by the DoH. These exist only for Na, Mg, Ca, 
Cu, and Zn while for Cr, Mn and Mo no reliable information exists as to exact requirements. 
Chromium deficiency symptoms have been reported on intakes of 6  fig d '\  which can be 
prevented by 20 fig supplements [Offenbacher, 1988]. An adequate level of intake is believed 
to lie above 25 fig d*^  for adults. Human deficiency of Mn has not been observed and 
therefore current population intakes must be adequate, but safe intakes of Mn are believed to 
lie above 1.4 mg per day. Similarly for Mo, safe intakes are believed to be within the 50 - 
400 fig d'^  range and the lower limit was used for calculating percentage intakes.
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Table 2.21 The Mineral Intake from Breakfast Cereals Based on RNI Values
Element
C atteries of the Breakfast Cereals 
Percentage Intake of RNI %
Wholewheat Wheathran Rice Oats Corn
^Na 8.0 - 8.6 3.9 - 22.7 0.6 - 1.1 0.003 - 0.03 0.03 - 0.13
16.5 - 19.2 9.3 - 57.0 1 0 .6 -2 1 .6 1 .4 -2 .0 0.18 - 0.66
«Ca 4.7 - 6.9 1.9 - 11.1 2.1 - 7.7 0.3 - 0.9 0.08 - 0.28
%Cr 66 - 120 57 - 225 68.6 - 97.3 51.3 - 68.2 56.0 - 64.3
192 - 302 257 - 462 61 - 77 74 - 208 122 - 231
6.4 - 8.6 5.2 - 15.3 6.6 - 9.9 4.7 - 6.1 5.2 - 13.3
^Cu 10.4 - 14.3 5.1 - 30.2 9.5 - 11.0 7.3 - 14.1 2.7 - 6.7
®Zn 15.1 - 26.9 5.0 - 25.2 6.2 - 13.9 8.9 - 9.5 1 .2 -3 .7
The results for the ready-to-eat breakfast cereals indicate that the wholewheat and 
wheatbran samples provide most of the nutritional requirements for Na, Ca and Mg. The 
higher levels of these minerals in wholewheat cereals result from these products comprising 
the bulk of the grain and hence, losses from discarding the mineral-enriched outer layers are 
reduced. Similarly bran-based cereals contain the constituent of grain which is richest in 
dietary fibre and minerals. The other mineral levels appear to fall within consistent ranges of 
around 2 to 20%, although the percentage RNI of Cu and Zn available from the com and rice 
cereals is marginally lower.
The results for the bread samples suggest that the mineral contribution does not vary 
with the type of flour employed, but this is a reflection of the results obtained for the flour 
analysis. Wholemeal flour contains 100% of the wheat grain, while the brown flour content 
is 85%, which is reduced to 75% in white flour. The observed results do not correspond to 
this distribution and may be a consequence of elemental losses from milling processes, in 
which the grain is reduced to a fine powder. This study has not been able to distinguish the 
"optimum" flour, however, bread samples contain other ingrediants such as added nuts, seeds 
and raising agents which may enhance their elemental composition.
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Table 2.22 The Mineral Intake from Bread Samples Based on RNI Values
Categories of Flour Samples 
Percentage Intake of RNI %
Element White Brown Wholemeal Organic
0.10 - 0.29 0.1 - 0.5 0.15 - 0.22 0.017 - 0.023
^Mg 2.4 - 6.1 2.6 - 3.8 4.4 - 5.9 2.9 - 19.6
«Ca 0.8 - 1.4 4.0 - 6.9 1.5 - 4.5 1.26 - 1.28
*Cr 193 - 226 169 - 182 163 - 186 169 - 178
^^ Mn 53 - 71 95 - 220 210 - 375 259 - 342
13.2 - 14.7 15.0 - 15.4 14.9 - 16.2 14.1 - 14.4
“ Cu 15.0 - 17.3 22.8 - 30.5 30.5 - 44.1 37.1 - 42.0
^Zn 0.9 - 1.2 14.8 - 23.2 28.8 - 43.6 40.0 - 43.2
®«Mo 80 - 147 97 - 214 56 - 193 76 - 131
In this study, the determined percentage RNIs of chromium and manganese available 
from both cereal matrices is exceptionally high, exceeding 100% in most instances. This may 
be a result of the limit suggested by the DoH of 25 fig for Cr and Mn of 1.4 mg may too low 
or that the calculated results are inaccurate due to analytical problems. Cereal matrices are 
the major source for both these nutrients and consequently the results obtain may simply 
reflect their natural abundancies in these foodstuffs..
Table 2.23 The Dietary Intake of Minerals from Milk Based on RNI Values
Cat^ories o f Milk 
Percentage Intake Based on RNI Values %
Element Full Fat Semi Skimmed Skimmed Enriched Organic
*"Na 3.1 - 8.5 8.9 - 11.1 11 .7- 13.0 12.8 - 13.5 6.8 - 10.5
8.7 - 10.2 9.3 - 9.9 9.5 - 12.4 9.3 - 12.5 8.5 - 9.1
«Ca 41.1 - 50.4 45.0 - 46.0 45.4 - 48.4 45.0 - 72.4 38.5 - 45.6
%Cr 0.6 - 1.0 0.1 - 0.3 0.7 - 1.2 0.8 - 6.3 0.2 - 0.5
^^ Mn 2.1 - 5.7 7.1 - 12.1 6.4 - 8.5 4.5 - 4.6 6.1 -7 .8
î«Pe 0.6 - 1.1 0.6 - 0.8 0.8 - 0.9 0.8 - 0.9 0.6 - 0.7
^Cu 2.0 - 6.2 1 .4 - 1.9 1 .2 -  1.3 1.0 - 1.2 0.7 - 1.6
^Zn 14.8 - 16.8 13.9 - 15.0 14.2 - 15.1 15.2 - 15.9 14.8 - 15.2
^Mo 14.4 - 27.0 5.5 14.4 7.2 - 17.8 17.8 - 22.6
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Discrepancies exist in the literature concerning the importance of milk as a source of 
major and trace elements. Gurr infered that milk was a significant source of Co and Zn with 
borderline levels of Cr and Ni [Gurr, 1988], while Renner stated that milk products 
contribute variable amounts to the total intake of trace elements; 20 - 30% of Zn, Co, Cr and 
Ni, 5 - 10% of Cu and an even lower proportion of Fe and Mn [Renner, 1983]. The results 
presented in Table 2.23 add to this inconsistency. The percentage intake of elements 
calculated in this study suggest that around half of the daily requirement of Ca is obtainable 
from milk. Approximately 10% of the required intake of Na, Mg, Zn and Mo is acquired 
from fresh milks with only minor quantities of Cr, Mn and Fe and Cu available.
There is still much discussion concerning the levels of trace elements that should be 
reconunended as safe and adequate. The U.K. has no official guidelines on the recommended 
nutrient intakess for the majority of trace elements. Until such values are established and there 
is a greater agreement between analysts on the mineral composition of foods, differing views 
will continue to be expressed by authors. The current edition of McCance and Widdowson’s 
"The Composition of Foods" provides concentrations for only twelve elements (Na, K, Ca, 
Mg, P, Fe, Cu, Zn, S, Cl, Mn and I) [Holland, 1988a]. For these elements only an average 
value is reported, with a surprising lack of information about trace and ultratrace elements 
found in cereals and milks. This may be because the importance of many elements in the diet 
has only just been recognised or that until recently analytical instrumentation did not allow 
for the accurate determination of the low levels of these elements.
The data in this study reports the amount of each element present in the foodstuffs 
analyzed, but the efficiency with which these dietary minerals are used, i.e. the 
bioavailability, has not been assessed. The bioavailbility or availability of a nutrient has been 
defined as "the proportion o f a nutrient capable o f being absorbed and available fo r  use and 
storage" [Bender, 1989]. Absorption is a particularly important aspect of bioavailability 
especially in the case of minerals.
Foods are biological materials and therefore will vary in composition and properties 
depending on a wide range of factors. This variability may affect both the mineral content and 
factors within the food that may influence the bioavailability of minerals, such as levels of 
phytate. Changes in agricultural practices influence the composition of existing crops and 
allow the introduction of new crops with different or modified dietary components. Tannins
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and oxalates present in foods form stable insoluble mineral complexes. Iron and calcium in 
milk are associated with the proteins lactoferrin and casein, respectively, which reduce the 
availability of these minerals to the body. Dietary fibre from cereals is also implicated in 
reducing mineral bioavailability by binding minerals associated with the fibre source itself or 
from gastrointestinal secretions during digestion. The effect of dietary fibre on mineral 
availability is a controversial subject with many apparent contradictions, but bran and phytate 
are considered to be mainly responsible for mineral binding to dietary fibre [Cook, 1983].
This study has determined the elemental composition of breakfast cereals, flours and 
fresh milk samples. A further study was undertaken using the determined elemental 
concentrations to predict the theoretical percentage daily intake of Na, Mg, Ca, Cr, Mn, Fe, 
Cu, Zn and Mo from each of these foodstuffs. Results indicate that a breakfast combination 
of cereal, bread and milk is able to provide between 10 and 50% of the daily requirements 
of the essential elements Na, Mg, Ca, Cr, Mn, Fe, Cu, Zn and Mo. However, the presence 
of these elements does not warrant complete absorption, as components in the foodstuffs may 
inhibit elemental uptake. Future work should examine the effects of these inhibitors on the 
absorption of essential elements.
2.8.4 The Dietary Intake of M ineral Contaminants
In order to assess potential health problems arising from the consumption of food 
containing trace levels of contaminants (Cd and Pb), it is necessary to measure average 
intakes of these elemnts and relate these figures to toxicologically acceptable levels. Both 
cadmium and lead have been observed in the foodstuffs analyzed in this study. Theoretical 
daily intakes (jig) have been calculated by employing the average consumption data for 
breakfast cereals, breads and milks to the elemental concentrations obtained for these 
foodstuffs. The results are reported in Table 2.24.
The literature values quoted are estimated daily intake of lead (jig person’* day’*) from 
the individual food groups. Results from the British Total Diet Study indicate that during the 
period 1982 to 1987 average lead intakes over the whole population were between 0.02 and 
0.07 mg per day. However, this excludes the contribution to lead intakes from drinking 
water. The corresponding estimates for cadmium intakes during the period 1974 to 1981 were 
less than 20 fig per day. The results obtained in this study indicate that the dietary intake of
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both lead and cadmium from the analyzed foodstuffs are consistent with figures reported by 
MAFF in their Total Diet Studies.
Table 2.24 The Theoretical Daily Intakes of Contaminants
Contaminant Concentration Ranges / Mg
Foodstuff Cd
Experimental
Cd
Literature*
Pb
Experimental
Pb
Literature*
Breakfast Cereals 0.36 - 3.92 5 2.52 - 8.73 12
Bread 0.58 - 5.15 5 6.25 - 12.38 12
Milk 0.59 - 7.18 < 2 0.39 - 6.69 6
' [MAFF, 1983]
* [MAFF, 1987]
The Joint United Nations Food and Agricultural Organisation/World Health 
Organisation Joint Expert Committee on Food Additives set weekly tolerances for adults of 
400 fig for cadmium and 3 mg for lead. These levels are difficult to exceed through the 
consumption of "normal" diets, but careful regulation of surces of contamination (sewage 
sludge, pigments, petrol, food cans) and continous monitoring of food samples may further 
reduce the intake of these heavy metals.
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CHAFFER m  ANALYTICAL METHODOLOGY IN
ORGANOPHOSPHORÜS PESTICIDE 
RESIDUE ANALYSIS
3.1 An Introduction to Residue Analysis of the Organophosphorus Pesticides
Residue analysis was first introduced during the 1950’s and since its inception, a large 
number of multiresidue procedures have become available for the determination of 
organophosphorus pesticide residues in food and feed, using a variety of analytical techniques 
[Sharp, 1988; Lawrence, 1987; Ambrus, 1986]. In instances where the pesticide application 
history is unknown or where a crop has been treated with several pesticides, the use of a 
multiresidue procedure which selectively determines each residue is preferred, due to reduced 
analysis times and cost. These methods can provide analysis of a single chemical or several 
hundred different pesticides depending upon how the method is applied. Several multiresidue 
procedures have been proposed in recent years for the determination of organophosphorus 
pesticides in crops by using gas chromatography to separate the individual residues. Detection 
is then conducted using selective, sensitive detectors [Hernandez, 1990]. The methods 
available vary considerably in the solvents employed for the extraction of the residues; the 
cleanup procedures applied; and the choice of technique for the qualitative and quantitative 
determination. A method is considered valid, only if the following criteria are met [Sharp,
1988]:
(a) The extraction is complete and the extract is truly representative of the 
pesticide levels present within the matrix.
(b) Cleanup is effective and recovery complete.
(c) Resolution of multiple peaks is adequate.
(d) Detection and response of the detector are sensitive, specific or selective and
reproducible.
(e) Comparison of the analyte with standards is reproducible.
These steps may be validated through the use of matrix samples fortified with 
pesticides, at levels representative of the concentrations observed in actual analyses.
3.1.1 Extraction of the Organophosphorus Pesticide Residues
Solvent extraction is the only practical method for the isolation of the pesticides and 
since the solvent must penetrate the cells of the matrix, it must be partially water soluble 
[Greve, 1985]. A number of solvent extraction systems have been used for multiresidue 
screening procedures, which include; acetone [Luke, 1975], ethyl acetate [Lawrence, 1987], 
acetonitrile [Storherr, 1971], hexane [Ambrus, 1981], dichloromethane [Dale, 1976], or a 
mixture of these solvents [Saha, 1973].
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In the case of multiresidue procedures the solvent must be suitable for the extraction 
of compounds of a wide polarity range from a variety of samples, in the presence of fats, 
sugars and the water content of the matrix. The type of solvent may influence materially the 
efficiency of extraction. A number of factors are significant in the choice of solvent:
(a) There must be no significant degradation of the pesticides being examined by 
the solvent.
(b) The vapour pressure must be low, so that the concentration does not change 
significantly due to evaporation.
(c) The toxicity of the solvent must be limited.
(d) It must be of relatively low cost.
(é) The solvent should have minimal effect on the detector.
Acetone and acetonitrile are the solvents most commonly utilized in residue analysis, 
with acetone often being preferred [Hernandez, 1990]. The main problems facing the analyst 
once the optimum solvent has been determined, is the isolation of the pesticide residues from 
the bulk of lipid coextractives. Cleanup is often necessary for the removal of interfering 
biological substances, as these often prove to be detrimental to the final analysis.
3.1.2 Cleanup in Residue Analysis
Relatively little is known about the exact chemical composition of the coextractives 
from grains or milks and to date there is no systematic approach to separating the pesticides 
from the coextracts [Sharp, 1988]. It is important however, to select a method which is not 
destructive to the residues, or results in significant losses of the pesticide. Physical as well 
as chemical methods are generally employed, with the two major approaches to cleanup 
involving liquid-liquid partitioning and column (absorption) chromatography. Less frequently 
used techniques include gel permeation chromatography and sweep co-distillation.
The use of specific detectors (flame photometric, N-P-flame ionization) often 
eliminates the need for time consuming cleanup processes [Elms, 1967]. Direct analysis of 
the extract is extremely productive, but may affect resolution and alter the interaction of some 
of the more sensitive compounds with the column [Minett, 1969]. In this instance, it is 
necessary to weigh up the positive time factors against the detrimental effects upon the 
column.
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3.1.3 Chromatographic Analysis of Organophosphorus Pesticide Residues
The final stage of the analysis involves the qualitative determination of the residues 
observed, followed by quantification. Determination is primarily effected by GC linked to 
specific detectors. Other commonly employed techniques include thin layer chromatography 
[Kumar, 1987], high performance liquid chromatography [Osselton, 1986], super-critical 
fluid chromatography [Knowles, 1989], immunoassay [Ferguson, 1990] and derivatization 
[Chiba, 1989].
Chromatography is distinguishable from other separation techniques in that two 
mutually immiscible phases are bought into contact; one stationary, the other mobile. A 
sample is introduced into the mobile phase and carried along through a column containing a 
stationary phase. The sample undergoes repeated interactions (partitions) between the mobile 
and the stationary phases. When both phases are optimized, the sample components are 
gradually separated into bands. At the end of the partitioning process, separated components 
emerge in order of increasing interaction with the stationary phase. The least retarded 
component elute first; the more strongly retained components elute last. Partition between the 
two phases exploits differences in the physical and/or chemical properties of the components 
in the sample. Adjacent component peaks are separated when the later-emerging peak is 
retarded sufficiently to prevent overlap with the peak that emerges ahead of it.
3.1.3.1 Columns in Gas Chromatography
The separation column is in the heart of the chromatograph. It provides versatility due 
to the wide choice of materials available for both the stationary and mobile phases. It allows 
for the separation of molecules that differ in their physical and chemical properties. The 
distribution of a solute between two phases results from the balance of forces between solute 
molecules and the molecules of each phase. It reflects the relative attraction or repulsion that 
molecules or ions of the competing phases exert for the solute and for themselves. These 
forces can be polar in nature, arising from permanent or induced dipole moments, or they 
may be a consequence of London’s dispersion forces.
The column must be chosen on the basis of its effectiveness and efficiency in 
separating the analyte compounds. The choice of liquid phase is the factor which determines 
separation capability, but preparation, handling and operating conditions greatly influence its 
efficiency and stability. The main requirements of a column are [Ives, 1970]:
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(a) Efficient separation of compounds.
(b) Absence of liquid phase bleed.
(c) Absence of column compound adsorption and/or degradation, 
and if the following criteria are met, a column is considered to be acceptable:
(a) Peak symmetry.
(b) Reproducibility of injections.
(c) Linearity over the required order of magnitude.
(d) Efficiency, assessed as the number of theoretical plates.
Capillary columns have replaced the use of packed columns, due to their excellent 
resolving capabilities, relative inertness and increased sensitivity [Forbes, 1987]. Capillary 
columns are much longer than packed columns, typically 30 m with an internal diameter of 
0.3 mm, as oppose to 1.5 m and 6-7 mm internal diameter for packed columns.
3.1.3.2 Detectors in Gas Chromatography
Specific detectors are available for the detection of organophosphorus compounds, 
namely; the flame photometric and the nitrogen-phosphorus detectors. In recent years, various 
types of mass spectrometer have been linked to GC, namely the quadrupole and the ion trap, 
which are extremely sensitive when employed in the single ion monitoring mode.
(a) The Flame Photometric Detector (FPD)
The FPD is widely used for the detection of organophosphorus residues [Guorfi,
1989]. It is an extremely sensitive detector and is based on the principle of photometric 
detection of flame emission of phosphorus or sulphur compounds in a hydrogen flame. The 
unit uses a narrow bandpass interference filter for spectral isolation of the phosphorus 
emission at 526 pm. Interferences from flame emission produced by other elements are 
eliminated by an optical arrangement, whereby only the portion above the tip of the flame 
envelope is viewed by the photomultiplier tube. The HPO species is detected and the response 
is linear over a wide range. Factors to consider in the use of the FPD are the effect of solvent 
[Trotter, 1985] and the variability of detector response to the P moiety of the pesticides 
[Trotter, 1987].
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(b) The Nitrogen-Phosphorus Detector (NPD)
The NPD is a thermionic detector that is highly specific for organically bound 
nitrogen and phosphorus. It is usually operated in the nitrogen-phosphorus mode, where it is 
specific to both elements, but requires only a slight modification to detect phosphorus species. 
In the phosphorus-mode, complete combustion results in the phosphorus products reacting 
with the alkali on the surface of the bead. This results in the formation of ions which are 
captured by the collector electrode, thus giving a specific response. The flame photometric 
detector is often preferred to the NPD because it is selective, sensitive and gives better molar 
responses [Krijgsman, 1976].
(c) The Mass Spectrometer (MS)
The MS is recognized as being an important tool for acquiring both qualitative and 
quantitative data on pesticide residues [Voyksner, 1989]. Technological developments over 
the last decade have enabled the construction of sophisticated yet reliable instruments. Mass 
spectra provide information concerning the structural arrangement of atoms within a 
molecule, which is based upon the fragmentation of the compound as a consequence of 
electron bombardment. Fragmentation patterns are highly characteristic of the parent 
compound and interpretations are usually made on the basis of empirical correlations, 
comparison with standards or detailed studies of ion decomposition mechanisms.
3.2 Instrumentation and Data Acquisition
Gas chromatographic techniques, because of their superior resolving power, 
reasonably high sensitivity and universal acceptance, continue to be widely employed for the 
separation and determination of pesticides. Gas chromatography with flame photometric 
detection is the technique of choice for the determination of these residues, in the absence of 
a mass spectrometric detector.
A Unicam GCV Chromatograph (Unicam, Cambridge, U.K.) equipped with a flame 
photometric detector (FPD) was used in this experimental work. The basic unit comprises a 
gas control panel with a column and detector oven, temperature controllers and an oncolumn 
injector port. Data was recorded using the Perkin-Elmer 7500 Computer and the 
Chromatographics-3 data handling system, which is capable of collecting up to four channels 
of data simultaneously from remote integrators. Under control of the selected method the data 
is collected, stored, processed and subsequently organized into a report determined by the 
values chosen for each entry in the method. A typical entry method is listed in Table 3.1.
114
Table 3.1 A Typical Entry Method for the Chromatographics-3 Programme
METHOD #23:PESTICH)E
CREATED
AUTHOR
LAST MODIFIED
COLUMN
:Organophosphorus Pesticides 
: January 20 th 15:25:54 1989 
:J.Kang
:February 18th 11:39:07 1992 
:OV210
The analysis of O P's in various matrices.
COLUMN - 5% OV210
INJECTOR & DETECTOR TEMPERATURE - 250°C 
COLUMN TEMPERATURE - 200°C 
SAMPLE SIZE - 0.5 p\
FLOWRATE ml min*' - Ng - 60, H  ^ - 30, Air - 30 
DATA HANDLING CHANNEL A:
METHOD TYPE CALCULATION TYPE PEAK DATA CALIBRATION SEQUENCE# 
GC Percent Area / Height 0
DATA STORAGE
Start Time
0.000
End time 
20.000
Peak Width at Base 
1 0 - 2 5
PEAK INTEGRATION
Lockout Time Area Sens Baseline Sens Skim Sens
1.000 10 4 0.000
Baseline Treatment 
B -to- B
QUANTITATION 
Scale Factor 
l.OOOOOe+000
PEAK IDENTIFICATION 
Unret Peak Time 1.000
REPORT 
Device 
CHAN: A
Report to Disk 
NO
Print Tolerance 
O.OOOOOe+000
Peak Reject Area/Height 
O.OOOOOe+000
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3.3 Chemicals and Laboratory Ware
The organophosphorus standards; bromofos, bromofos-ethyl, chlorpyrifos, 
chlorpyrifos-methyl, diazinon, dichlorvos, dimethoate, disulfoton, etrimfos, fenitrothion, 
malathion, methacrifos, methidathion, parathion-methyl and pirimiphos-methyl, (all of purity 
exceeding 95%) were obtained from Promochem Limited (St. Albans, UK). Acetone 
(Analar), methanol (Analar), acetonitrile (HPLC) and petroleum ether (40 - 60°C fraction, 
specified laboratory reagent) were obtained from FSA Laboratory Supplies (Loughborough, 
U.K.); Dichloromethane (Analar) from BDH (Poole, U.K.); Hexane (GPR) and diethyl ether 
(Analar) from Rhone-Poulenc Ltd (Manchester, U.K.).
The Vac-Elut system was acquired from Jones Chromatography (Mid Glamorgan, 
U.K.) for use in the solid phase extraction (SPE) in conjunction with the following 2.8 ml 
SPE cartridges; C^ g (decaoctyl), C, (octyl), C  ^(ethyl), NH^ (aminopropyl) and 20H  (diol). 
An MSE homogenizer from FSA Laboratory Supplies (Loughborough, U.K.) was employed 
for the maceration and subsequent solvent homogenization of the matrices. Column packings 
(5% 0V17, OVIOI, OV210 and diethyleneglycol succinate) were obtained from Phase 
Separations (Clwyd, U.K.). Hamilton syringes (1 ^1 and 10 pY) fitted with 11.5 cm needles 
purchased from V.A. Howe & Co Ltd (Banbury, U.K) were used for the on-column injection 
of samples solutions. The deionized water and the pipettes used in this study were the same 
as those described in Section 2.3.
3.3.1 Calibration and Assessment Solutions
The concentrated solutions used throughout for the optimization and quantitative 
evaluations were prepared by weighing pure organophosphorus standards, to four decimal 
places using a Précisa balance obtained from PAG Oerlikon AG (Zurich, Switzerland) into 
100 ml pyrex volumetric flasks (FSA Laboratory Supplies, Loughborough, U.K.). These 
pesticides were then diluted to 100 ml using analytical grade solvents and stored at 
temperatures of 5°C for periods of up to one month. The concentrated standards were then 
diluted as required. Three assessment standards, dichlorvos, pirimiphos-methyl and malathion, 
were chosen for their difference in phosphorus moiety as representatives of the entire group 
of organophosphorus pesticides to be evaluated. In the preparation of the standard 
organophosphorus solutions, the purity of the standard materials must be taken into account. 
The following rules, regarding the purity of the reference solutions have been applied, in 
accordance with the Pesticide Analytical Manual (PAM), section 132.2 [FDA, 1990]:
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(a) Standards of purity ^  99%: record the weight as measured and do not
correct for purity.
(b) Standards of purity <  99%: apply the appropriate correction factor to the
weights.
(c) Standards of unknown purity: record the weight as measured, do not
correct for purity, but include a note on the 
source and unknown purity of the standard.
3.3.2 Fortified Cereal Samples
Breakfast cereals and flour samples obtained from local retail outlets (Tescos Ltd., 
J. Sainsburys P.L.C.) were spiked with a known amount of pesticide prepared in hexane. The 
samples were homogenized prior to extraction and allowed to stand overnight. This was to 
allow for the uniform distribution of the pesticide throughout the matrix, while simultaneously 
permitting the evaporation of all traces of the solvent.
3.3.3 Fortified Milk Samples
Milk samples were obtained from commercial outlets such as (Spar, Tescos Ltd. and 
Waitrose). A known volume of milk was spiked with a predetermined quantity of the pesticide 
in hexane and the sample stored over night at a temperature of 5°C. The milk was allowed 
to stand at room temperature for a period of up to one hour, prior to any analyses.
3.4 Operating Conditions
The operation of the GC depends upon a number of physical parameters; detector, 
column and injector temperatures, the column stationary phase, flow rates of the flame and 
mobile phase gases [FDA, 1990]. In order to determine the optimal conditions for operation 
of the GC, it is necessary to conduct various preliminary experiments, which involve column 
and detector optimization.
All assessments were based upon three consecutive injections (unless otherwise stated) 
to ensure reproducibility, while minimizing analysis times.
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3.4.1 Optimization of Column Performance
The movement or transport of a component through a column is dependant upon its 
distribution between the stationary and the mobile phases. In GC the choice of liquid phase, 
temperature of the column and the flow rate of the mobile phase determine the efficiency of 
separations [Schomburg, 1990]. Specific and selective detectors permit quantitative 
determinations only when the appropriate column is able to effect adequate separations. The 
Pesticide Analytical Manual suggests that in order to evaluate the suitability of a material to 
function as a column packing, it is imperative that a number of parameters are examined 
[FDA, 1990], namely:-
(a) Retention.
(b) Peak symmetry and repeatability.
(c) Efficiency.
(d) Resolution.
(e) Linearity.
In packed column chromatography the stationary phases are coated onto inert solid 
support materials, which provide an appropriate physical structure for the stationary phase, 
e.g. Chromosorb*^. The quality of the support is of paramount importance for the colunm in 
terms of efficiency and peak configuration [Ives, 1970]. In order to render a support inert, 
acid treatment, silanization of the support or the addition of substances to cover the active 
sites are used to remove interferences, reduce tailing effects and inhibit compound 
decomposition. The stationary phase is normally a non-volatile liquid which is coated as a 
thin, uniform film onto the support material. It must be thermally stable, unreactive, of 
negligible volatility and have a reasonable column life over the operating temperature range. 
Mesh sizes of 100 - 120 pm  have been considered to be optimum for columns up to 2 meters 
in length, while 80 - 100 pm  is preferred for longer columns [FDA, 1990].
A number of authors have demonstrated that commonly used column packings for 
organophosphate residue analysis include, 0V17 (phenylmethyl silicone) [Prinsloo, 1985], 
OVlOl (dimethyl silicone) [Luke, 1975], OV210 (trifluoropropylmethyl silicone) 
[Thompson, 1975] and DEGS (diethyleneglycol succinate) [Watts, 1969]. The properties of 
these stationary phases are summarized in Table 3.2.
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Table 3.2 Summary of the Properties of the Various Stationary Phases
Column Packing
Properties 5% 0V 17 5% OVIOI 5%  OV210 5%  DEGS
Maximum working 350 350 300 180
temperature ®C
Polarity semi-polar non-polar semi-polar polar
Recommended solvents acetone, hexane toluene acetone acetone
chloroform chloroform dichloromethane
The columns were prepared using pyrex glass columns (1.5 m in length, 6.0 mm 
outside diameter and 4.0 mm internal diameter). The stationary phases on the support 
Chromosorb WHP (100-120) mesh), were packed under vacuum and purged at 20°C above 
the optimum working temperature in accordance with standard procedures [FDA, 1990]. 
These columns were then conditioned at 240-250®C (with DEGS at 225-230®C) for a period 
of 24 hours, under a continuous flow of nitrogen through the columns. The columns were 
tested using appropriate organophosphorus pesticide mixtures for adequate performance. 
Subsequent optimization studies of each column were conducted to ascertain the ideal column 
for organophosphorus residue analysis.
The following experimental studies was undertaken on the Unicam GC-FPD, at 
detector and injector temperatures of 250°C and 230°C respectively. The following standard 
pesticide solutions were prepared to concentrations of; dichlorvos (100 pg ml'^), pirimiphos- 
methyl (80 pg ml'^) and malathion (100 pg ml’O- It was important to ensure that the 
concentrations were sufficiently high to firstly, allow peak detection with minimal noise 
interferences and secondly, to ensure stability for a period in which all the columns could be 
assessed. All injection volumes were aliquots of 0.5 p\.
3.4.1J Retention
Retention is the most important characteristic in the identification of component peaks 
in a substrate of unknown composition. The main factors affecting retention include the type 
of stationary phase, the amount of loading of the stationary phase, particle size of the support 
material, the column temperature and the carrier gas flow rate. In this work, the support and 
stationary phases have been chosen from theoretical considerations (refer to Section 3.4.1),
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while the operating temperatures are to be established. The effect of the carrier gas flow rate 
has been evaluated in Section 3.4.2.2 on the optimum colunm.
Retention times for the working pesticide solutions were determined at column 
temperatures of 180°C, 200°C and 220®C and at an initial Ng flow rate of 45 ml m in '\ as 
recommended by the Unicam GC-FPD manual [Perkin Elmer, 1974]. Evaluations were 
undertaken using individual aliquots of the three test pesticides; dichlorvos, pirimiphos-methyl 
and malathion at 10 pgwï^ on 3% 0V17, 5% OVIOI, 5% OV210 and DEGS columns. The 
results are summarized in Table 3.3.
Table 3.3 A Comparison of Retention Times at Different Temperatures
Column Organophosphate Retention Time 
mins ®  180°C
Retention Time 
mins @  200°C
Retention Time 
mins ®  220°C
5% 0V17 Dichlorvos 2.1 1.0 0.8
Pirimiphos-methyl 27.0 8.7 4.9
Malathion 34.3 10.0 5.5
5% OVIOI Dichlorvos 1.9 1.2 1.0
Pirimiphos-methyl 25.4 8.2 4.6
Malathion 30.9 8.7 4.8
5% OV210 Dichlorvos 2.5 1.2 0.9
Pirimiphos-methyl 8.1 4.0 2.2
Malathion 15.2 7.5 4.0
5% DEGS Dichlorvos 14.5 - -
Pirimiphos-methyl 50.8 - -
Malathion 110.6 - -
not determined
Loadings for experimental evaluations have been based on literature applications of 
these stationary phases: 3% 0V17 [Prinsloo, 1985], 5% OVIOI [FDA, 1990], 5% OV210 
[Thompson, 1975] and 5% DEGS. The routine application of DEGS commonly employs 
stationary phase loads of 2% [Luke, 1981], but in order to minimize expenditure previously 
acquired 5% DEGS was used for assessment purposes. Loadings of the stationary phase upon 
the column support material often vary, but it is necessary to ensure that adequate quantities 
are used which lead to acceptable retention times. A reduction in the percentage loading 
allows for the rapid elution of components, but substances that have a tendency to degrade 
or to be absorbed on to the stationary phase, are more likely to do so at lower loadings.
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Limited data for DEGS has been reported, as temperatures above 180°C exceed the 
recommended operating parameters for the column. DEGS was observed to be an unsuitable 
stationary phase for routine analysis in this study as excessive retention times were obtained. 
This is illustrated in Figure 3.1, with the elution peak of dichlorvos at fourteen minutes. 
Decreasing the percentage stationary phase load is likely to reduce retention times to 
acceptable levels with an increase in the operating temperature achieving the same effect. 
However, a resultant deactivation of DEGS would ensue an increase in temperature. Thus, 
DEGS has been eliminated from further evaluations in this study, but it should be noted that 
the prolonged retention times suggest that it may be possible to use DEGS for confirmational 
purposes as illustrated by Watts [Watts, 1969].
For each of the silicone packings it was observed that a temperature of 180®C was 
too low for the routine analysis of the organophosphates in question, as extended retention 
times were obtained. Chromatographic analysis requires repeated injections of both standard 
and analyte solutions to ensure accuracy and precision. Consequently prolonged run periods 
extend overall analyses times and limit the number of samples analyzed. The lower 
temperature also resulted produced broadened and asymmetrical peaks (both these parameters 
will be discussed further in the following sections).
The optimum temperature must allow for the adequate separation of the test pesticides 
providing narrow, symmetrical peaks over run times which allow the analysis of a number 
of solutions. A temperature of 200®C was observed to be optimal for all the OV stationary 
phases. The semi-polar packings (0V17 and OV210) both produced adequate separation of 
the three component mixture, but it was not possible to resolve the pirimiphos-methyl and 
malathion peaks on the OVIOI column.
Figure 3.2 illustrates that temperatures above the optimum value eluted the pesticides 
rapidly, reducing run times and producing sharper peaks. However, multiresidue procedures 
require the analyst to search for a large number of pesticides and these run times were 
considered to be inadequate to effect a complete separation of a more complex mixture.
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Figure 3.1 The Elution Profile of Dichlorvos on DEGS at I80°C
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Figure 3.2 The Separation of a Multi-Component Mixture on OV17 at 200 and 220°C
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3.4.1.2 Peak Symmetry and Repeatability
Ideally chromatographic peaks are of a Gaussian shape, but in practice due to finite 
sample concentrations, inhomogeneities in the stationary phase, dead volumes in the system 
and various other factors tailing is liable to occur [Dyson, 1990]. Peak symmetry is important 
in the quantitation of data, as a tailing peak is likely to culminate in inaccuracies when 
calculating peak areas or heights. The simplest way of measuring peak distortion is by means 
of the asymmetry factor is a comparison of the peak half-widths, for the forward and
backward halves of the peak, at 10% peak height. A good uniformly packed column has an 
asymmetry factor of 0.9 to 1.1 [Braithwaite, 1985].
Repeatability is another important parameter for the provision of accurate data. It is 
the closeness of results between consecutive analyses conducted on the same chromatograph, 
by the same operator working under constant conditions [Dyson, 1990]. In order to obtain 
reliable results the repeatability of a series of consecutive injections was assessed.
Tailing effects were assessed by injecting 0.5 yX aliquots of pirimiphos-methyl (10 jug 
ml'^) onto each column and calculating the asymmetry factor. Repeatability was evaluated by 
a series of ten consecutive injections of dichlorvos (0.5 y\, 10 yg ml'^). The relative standard 
deviation values (RSD) were calculated for each series of injections and the results are 
presented in Table 3.4. Evaluated optimum column conditions were employed for this and 
subsequent studies.
Table 3.4 Results of the Symmetry and Repeatability Studies the Test Columns
Parameter 5% 0V 17 5% OVIOI 5% OV210
Working Temperature °C 200 200 200
Peak Asymmetry Factor 0.85 0.83 0.93
Reproducibility RSD % 2.5 1.7 1.5
The results for the peak symmetry assessments of the three stationary phases indicate 
that only the OV210 column produces acceptable peaks, although the other two columns have 
asymmetry factors just below the specified range. The peak distortion observed may be 
attributed to a number of instrumental sources which are impossible to eliminate; the 
inadequate execution of sample introduction, dead volumes at the column inlet and outlet, 
dead volumes in the injector and the detector [Schomburg, 1990].
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Peak tailing is also a consequence of strong absorption of the sample components onto 
the support surface underneath the stationary phase coating. This arises mainly in instances 
where solutes of high polarity are analyzed inconjunction with stationary phases of low 
polarity. These effects may be eliminated by using stationary phases of higher polarity, which 
result in strong interactions between the component and the stationary phase, while 
suppressing the interaction with the support surface. This is clearly supported by the 
asymmetry factors listed in Table 3.4, as the stationary phases become increasingly polar 
(OV210 > 0V17 > OVIOI), the peaks become more symmetrical. The reproducibility of 
repeated injections (RSDs) were observed to be very good for all the stationary phases 
assessed.
3.4.1.3 Column Efficiency
The efficiency of a chromatographic column is a measure of its ability to separate 
multiple components in a mixture. Efficiency may be assessed in terms of peak width and 
retention time and is numerically measured by the number of theoretical plates [Braun, 
1987]; the greater the number of plates, the more efficient the column. The following 
equation may be applied in the calculation of the number of theoretical plates [Prinsloo, 
1985]:
TuN  = 5 .5 4 5  ^
W i
2
where N number of theoretical plates
Tr retention times
W 1 width of peak at half height
The efficiency of each column was calculated by injecting 0.5 y\ aliquots of 
pirimiphos-methyl and applying the above equation to calculate the number of theoretical 
plates. During chromatographic separations the solute undergoes a long sequence of partition 
steps during which equilibrium is not completely reached, because of the continuous mass 
transport by the mobile phase in the perpendicular direction. A slow mass transfer relative 
to the velocity of the carrier gas leads to band broadening of the elution zones and the 
recorded peaks. Furthermore, the number of equilibrium steps during the residence time in 
the column can be correlated to the number of theoretical plates. Table 3.5 summarizes the 
results of the efficiency study.
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Table 3.5 Results of the Efficiency Study on the Test Columns
Parameter 5% 0V 17 5% OVIOI 5%  OV210
Working Temperature ®C 200 200 200
No. of Theoretical Plates 2500 1700 1500
A column is considered efficient if lateral diffusion of the solute bands is restricted 
during their column residence time, while the extent of band broadening determines the 
overall efficiency of the column. This is dependant upon column design, the properties of the 
stationary phase and the operating conditions employed. The results indicate that the order 
of efficiency, based upon the number of theoretical plates, for the three packed columns is 
OV210 > 0V17 > OVIOI.
The equation employed in the calculation of the theoretical plates, was chosen because 
it does not require the analyst to draw tangents for the measurement of specific parameters 
in the measurement of peak width. It is also more readily applicable to peaks that tail slightly 
as the measurement of peak width at half height is less likely to incur the errors of the peak 
width measurements.
In GC columns of very high efficiency, such as narrow-bore capillary columns, 
theoretical plate numbers of up to 1,000,000 can be attained. Standard capillary columns have 
plate numbers from about 50,000 to 150,000, while packed columns do not usually exceed 
2000 to 5000 theoretical plates [Schomburg, 1990]. The results observed in Table 3.5 
indicate that only the OV210 stationary phase satisfied the required criteria. Capillary columns 
would have led to superior efficiencies, but these were not available for this study.
3.4.1.4 Resolution
Resolution {R^ is a measure of the separation between adjacent peaks in a 
chromatogram. Since the separation between two peaks is a function of the difference in the 
retention times of the peaks, the resolution is directly proportional to the difference in 
retention times [Braun, 1987]. Separation is also dependant upon the width of each adjacent 
peak, as the half-widths of the peaks increase, the amount of separation between the peaks 
decreases and consequently resolution decreases. The between two peaks is defined by the 
following equation [Poole, 1984]:
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where Tri and Trj Retention times of peak 1 and 2, where 1 elutes first.
Wi and W2  Basal peak widths of peak 1 and 2.
A mixture of the test pesticides, pirimiphos-methyl and malathion, prepared at a 
concentration of 10 yg  m l'\ was used to test this parameter. Aliquots of 0.5 yl were injected 
onto the column under the set conditions. (N.B. The pesticides analyzed in this study were 
not adjacent eluting peaks as usual resolution studies would require. The aim of this study was 
to compare the three stationary phases and not to optimize resolution. It was therefore, 
considered preferable to continue assessments using the standards employed throughout). The 
results are reported in Table 3.6.
Table 3.6 Results of the Resolution Study on the Test Columns
Parameter 5% 0V 17 5% OVIOI 5% OV210
Working Temperature °C 200 200 200
Resolution 0.95 - 1.0
The resolution of two separated components is large if the average width of the peaks 
is small relative to their retention difference [Schomburg, 1990]. This difference is dependant 
upon the vapour pressures and the activity coefficients of the two species in the stationary 
phase, the stationary phase load and the length of the column. High resolution is achieved 
either by narrow peak shapes or by a large retention difference. In this instance large 
retention time differences existed between adjacent peaks. Inadequate resolution of adjacent 
peaks can be improved either by increasing the separation between peaks or by decreasing the 
individual peak widths. This involves column selectivity in moving the peaks further apart 
which is dependant upon altering the thermodynamics of the chromatographic system. In 
attempting to elute narrow peaks an improvement in efficiency is required which may result 
from an improvement in the kinetics of the system [Willard, 1988].
Peaks are considered to be well separated at a resolution of not less than 1 . Normally 
the higher the resolution the better, but an improvement in resolution involves considerable 
time and effort and it is not always necessary to increase it to the maximum possible. 
Furthermore, peak asymmetry affects resolution and it has been shown a minimum resolution
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of 0.8 is necessary, if accurate retention data is required [Ravindranath, 1989]. The 
resolution of both the 0V17 and the OV210 columns were considered to be acceptable, for 
the two pesticides assessed in this experimental section. The OVIOI column did not separate 
the pirimiphos-methyl and malathion peaks and therefore, the resolution of this particular 
stationary phase was considered to be poor in comparison to the others.
3.4.1.5 Linearity
The linear range of a detector is the range of sample concentrations over which the 
sensitivity or response factor remains constant. Linearity is the proportionality constant in the 
relationship between the signal and the concentration of the eluted substance [Sevcik, 1975]. 
It is a function of the detector, but is influenced by the efficiency of chromatographic 
separations. Quantitative evaluations may only be performed at constant linearity and 
therefore, it is necessary to determine the linear dynamic range of the FPD in use.
Standard solutions in the concentration range of 0.05 to 50 yg  ml*^  of dichlorvos were 
prepared in acetone and run on the individual columns. Graphs of peak area and peak height 
against concentration have been plotted for each column in Figure 3.3 over the concentration 
range 0.05 to 5 yg  m l'\ However, Table 3.7 summarizes the linear least squares regression 
analysis for the data over the 0.05 to 50 yg  ml'  ^ concentration range.
Table 3.7 Linear Regression Data for the Test Columns
Parameter 5% 0V17 5% OVIOI 5% OV210
Linear Range fig ml"' 0.05 - 50 0.05 - 50 0.05 - 50
Correlation Coefficient 0.993 0.995 0.992
The linear range of a detector is the range of sample concentrations over which the 
detector response is proportional to solute quantity. In this range the relationship is between 
solute quantity and detector response, output voltage V is:
V = KRQ
where K Instrumental constant
R Solute response factor
Q Solute quantity
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Figure 3.3 An Assessment of the Linearity of OV17, OVIOI and OV210
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In the FPD the linear dynamic range at 526 nm is theoretically maintained over five 
orders of concentration [Sevcik, 1976]. In the Unicam FPD assessed in this experiment, the 
detector response was linear over the 0.05 to 50 fig ml'  ^ concentration range, for each 
stationary phase. This was considered to be adequate for the work to be undertaken in this 
study for the evaluation of organophosphorus pesticide residues in food matrices.
3.4.2 Optimization of the Detector Performance
The flame photometric detector operates on the principle that phosphorus compounds 
emit characteristic green light in a hydrogen rich atmosphere [Gilbert, 1970]. The vaporized 
organophosphorus pesticides are initially decomposed to form HPO molecules, which are then 
excited to HPO*. These species emit the characteristic light which is transmitted to the 
photomultiplier via a 526 nm band pass filter. Although the mechanism for the formation of 
HPO* is not fully understood, the following reactions have been proposed [Patterson, 1978], 
where M is an inert molecule.
( i )  PO + H +M -  HPO* + M 
H i )  PC + OH + HPO* + H^O
Detector optimization is necessary to obtain the best response, as optimum conditions 
vary markedly for different instruments. Figure 3.4 illustrates a schematic diagram of the 
Unicam FPD. It is important to ensure that the operating temperature of the detector is above 
that of the column, in order to prevent both condensation and contamination. The 
recommended working range for the FPD is between 100 to 250°C and consequently the 
detector temperature was set at a temperature of 250°C .
In any given FPD burner, the response of the detector is critically dependant upon 
the ratio of hydrogen to air flow rates, the flow rate of the carrier gas and the temperature 
of the detector block. The design of this particular instrumentation requires that the hydrogen 
and air flow rates are both set at 30 ml min'^ and this has been assessed in the following 
experiment. The effect of altering the carrier gas flow rate has been evaluated in Section 
3.4.2.2.
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Figure 3.4 A Schematic of the Unicam Flame Photometric Detector [Perkin Elmer, 1974]
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3,4.2.1 Assessment o f the Flame Gaseous Flowrates
Standard solutions of dichlorvos, pirimiphos-methyl and malathion at a concentration 
readily detected by the instrumentation (10 /tg ml'^) were prepared in acetone [FDA, 1990]. 
Aliquots of the individual pesticide standards (0.5 /xl) were injected on to a colunm of 5% 
OV210 on Chromosorb WHP 100 - 120 mesh, at a temperature of 200°C. The Hg and air 
flow rates were altered in an attempt to achieve an optimal response, while the flow of Ng 
was sustained at a rate of 45 ml min'^ in accordance with the Unicam manual. The results are 
presented in Table 3.8.
Table 3.8 Variations of Flowrates in Order to Optimize the Detector Response
Pesticide* H; Flow Rate 
ml min'^
Hj Flow Rate 
ml min'^
H, Flow Rate 
ml min'^
Peak Area
At ±  <7
Dichlorvos 30 30 45 0.56 ±  0.05
Dichlorvos 30 35 45 0.56 ±  0.02
Dichlorvos 30 40 45 0.55 ±  0.07
Dichlorvos 30 50 45 0.53 +  0.06
Dichlorvos 40 30 45 0.40 ±  0.1
Dichlorvos 60 30 45 0.36 ±  0.05
Pirimiphos-methyl 30 30 45 1.18 ±  0.1
Pirimiphos-methyl 30 35 45 1.07 ±  0.2
Pirimiphos-methyl 30 40 45 1.05 ±  0.04
Pirimiphos-methyl 40 50 45 1.13 ±  0.04
Pirimiphos-methyl 60 30 45 1.10 ±  0.03
Malathion 30 30 45 0.53 ±  0.08
Malathion 30 35 45 0.44 ±  0.04
Malathion 30 40 45 0.40 ±  0.05
Malathion 40 30 45 0.45 ±  0.1
Malathion 60 30 45 0.39 ±  0.03
Concentrations of 10 peg ml'*
The optimum hydrogen and air flow rates for the flame photometric detector were 
determined to be 30 ml min'^ on examination of the peak areas in Table 3.4.2.1. This 
suggests that an optimum production of the HPO* species requires a hydrogen to air ratio of 
30:30 ml m in'\ An alteration in the flow rates from these values resulted in a reduced output 
signal of the analyte and amplified background noise levels, as illustrated in Figure 3.5.
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Figure 3.5 Increased Baseline Noise Levels with an Alteration in the Hj to Air Ratio
Dichlorvos 30:30
Dichlorvos 30:45<D 0  . 0 1 6I
I Dichlorvos 30:60
CO
Time (minutes)
133
In this single flame detector, the carrier gas and air are mixed, conveyed to the centre 
orifice of a flame tip and combusted in an atmosphere of hydrogen. The flow configuration 
is designed such that interfering emissions from hydrocarbons occur mainly in the lower 
oxygen-rich region of the flame, whereas the phosphorus emissions occur in the hydrogen- 
rich upper portion of the flame. By increasing the flow of air through the system the 
hydrogen flow rate is effectively reduced, while a simultaneous increase in the flame 
temperature is induced. The resultant reduction in the formation of the HPO* species induces 
a decrease in the output signal of the analyte. An increase in the hydrogen flow rate was also 
observed to reduce the output signal and this may be attributed to a deprivation of oxygen in 
the system, resulting in reduced combustion and the diminished formation of the HPO* 
species.
Detector noise is generated by thermal radiation from the flame, but the apparent 
increases in background noise do not appear to alter the signal-to-noise ratio and consequently 
may be ignored. It should also be noted that as the flow rates of the gases drift from those 
required for this particular burner, flame ignition became progressively difficult. The required 
flow rates were obtained by initially igniting the flame at 30:30 ml min'^ and then opening 
or closing valves to predetermined positions.
3.4.2.2 The Effect o f  Varying the Flow Rate o f  the Mobile Phase
The mobile phase is critical to the transportation of sample components through the 
column to the detector. It is essential that the mobile phase is inert to both column stationary 
phases and sample components. In the flame photometric detector nitrogen is commonly used 
as the carrier gas. In order to assess the impact of altering the Ng flow rate on the peak 
elution profile the following experiment was carried out.
Aliquots (0.5 /il) of the mixture of the three pesticides dichlorvos, pirimiphos methyl 
and malathion at individual concentrations of 1 0  fig ml \  were injected under the flame 
conditions established in Section 3.4.2. 1 . Successive flow rates of 30, 45 and 60 ml min'^ 
were evaluated. These values were chosen from preliminary studies which indicated that slight 
variations in flow rates did not significantly alter the elution profile of the peaks.
It was observed that the lower flow rates led to longer retention of the components, 
with inadequate separation of the mixture and increased broadening of the peaks as illustrated 
in Figure 3.4.2.2. This is in good agreement with theoretical considerations, where:
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Vr, is the volume of mobile phase required to elute the sample component from the 
stationary phase which is directly proportional to the retention time ( T r ) ,  when the rate of 
flow of the mobile phase (F) is constant. A reduction in Vr induces a subsequent decrease in 
T r .
Thus a reduction in the flow rate of the carrier gas will increase the period required 
to elute the pesticides. Since the movement of molecules through the column is not 
concurrent, the chromatogram is a series of broadened bands, as opposed to a series of 
narrow vertical lines. The introduction of the entire sample into the column in the same 
instant is not possible and as this band travels through the column, some sample molecules 
diffuse into both the lower concentration regions at the front and back of the central band. 
The net result is band broadening, which increases as the time for diffusion within the column 
increases, i.e. as the retention time increases and flow rate decreases.
Examination of the chromatograms led to the conclusion that a flow rate of 45 ml 
min'^ was optimum as retention times were adequate, with run times not exceeding ten 
minutes. In this instance, the three test pesticides were adequately separated over the run time 
and band broadening was not excessive (in the specified range of 0.9 - 1.1). Flow rates that 
exceeded this resulted in a rapid elution of the three organophosphates with the dichlorvos 
peak shouldering the tail of the solvent peak. A decrease in the Nj flow rate significantly 
increased band broadening and overall analysis times.
3.4 .23 The Effect o f Detector Temperature
A reduction of the detector temperature from 250°C to 230 °C and then to 200°C was 
examined, but no significant alteration in the pesticide elution profile was observed. It has 
been stated that a reduction in the temperature of the FPD reduces the response as well as 
noise levels [Perkin Elmer, 1974]. In practice the lower temperatures reduced the output 
signal however, no significant decrease in noise levels was observed. The detector noise is 
a function of the detector design and hence, is difficult to eliminate. Therefore, it was 
considered circumspect to use a temperature of 250°C to ensure that no contamination 
resulted from condensed organic products.
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Figure 3.6 The Elution Profile of Malathion at N, Flow Rates of 30 and 60 ml min^
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3.5,2.4 The Effect o f Solvent on Detector Response
A number of solvents are commonly used in the analytical work involved in the 
determination of organophosphorus residues in foodstuffs [Ambrus, 1986]. Trotter 
documented that some organophosphates yield a diversity in response when various solvents 
are examined; acetone, iso-octane, methanol and ethyl acetate [Trotter, 1985]. Hence, it has 
been considered necessary to evaluate the detector response for the solvents commonly 
employed in residue analysis.
The organophosphorus pesticides used throughout the optimization study (dichlorvos, 
pirimiphos-methyl and malathion) were prepared as 1 0  jug ml*^  standards in the following 
solvents; acetone, hexane, diethyl ether and ethyl acetate. Aliquots of 0.5 pi of each pesticide 
were injected on to the OV210 column under the conditions established in the previous 
sections and the following results were obtained.
Table 3.9 A Comparison of the Organophosphates in a Number of Solvents
Solvent Parameter Dichlorvos Pirimiphos-methyl Malathion
Hexane Tr /  mins 1.11 3.39 6.30
Acetone Tr /  mins 1.11 3.41 6.24
Diethyl Ether Tr /  mins 1.11 3.44 6.28
Ethyl Acetate Tr /  mins 1.12 3.47 6.30
Hexane Peak Area n ±  a 81080 ±  3922 221037 ±  7635 111640 ±  7205
Acetone Peak Area n ±  a 24106 ±  2788 163607 ±  19426 700822 ±  17366
Diethyl Ether Peak Area im ±  a 15756 ±  3716 46554 ±  19007 26839 ±  6321
Ethyl Acetate Peak Area n ±  a 19813 ±  637 182931 ±  7106 93565 ±  8071
T r
Peak Area
Retention Time (mins)
mean (/i) ±  standard deviation (a)
Table 3.9 clearly shows that no significant differences in retention time were observed 
when the four solvents were compared, but inconsistencies in peak heights and areas resulted 
from solvent variation. The response of the organophosphates is also known to be influenced 
by flow rate, burner configuration, the individual phosphorus moieties and is dependant upon 
the amount of the organophosphate reaching the flame, which is a consequence of column 
effects. However in this study, all these parameters were constant.
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The ideal solvent is considered to be one that does not degrade the pesticide, has a 
low vapour pressure and does not significantly alter the concentration due to evaporation. It 
should also not interfere with the analysis. Non-polar solvents are considered to be preferable 
as they minimize possible degradation effects. The FPD response to organophosphorus 
pesticides is clearly dependant upon the solvent employed as illustrated in Figure 3.7. In order 
to ensure that there are no resultant solvent-associated discrepancies in quantification, one 
solvent should be used for the preparation of both standard and sample solutions. In cases 
where more than one solvent is required for the extraction procedure, it is important to 
remove all traces of these secondary solvents before the final dissolution is effected.
The Pesticide Analytical Manual suggests that the preference of solvent should follow 
the order iso-octane > hexane > acetone >  isopropanol > toluene [FDA, 1990]. Acetone 
is a solvent commonly employed in the preparation of sample extract solutions, as it is cheap 
and readily obtainable in high purity grades [Ambrus, 1981]. Despite its widespread use few 
adverse effects have been reported and acetone is viewed as having comparatively low acute 
and chronic toxicity [Royal Society of Chemistry, 1989]. It has been commonly used in 
extraction procedures for residual organophosphorus pesticides and consequently was 
considered to be the obvious choice for the preparation of standard solutions.
3.4.3 The Optimum Conditions for Operation of the GC-FPD
The columns evaluated to date have all been observed to exhibit adequate performance 
for the operation of the Unicam GC-FPD, with the exception of DEGS. The OVIOI 
stationary phase was eliminated on the basis of inadequacy in the resolution of the pirimiphos- 
methyl and malathion peaks. The comparison between 0V17 and OV210 yields no significant 
information as to the practicality of either column for organophosphorus residue analysis. The 
results of the OV210 column produced slightly superior results for the symmetry, 
repeatability and efficiency studies and as a consequence is the preferred column of choice. 
The optimum operating conditions of the GC-FPD may be summarized in Table 3.10.
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Figure 3.7 The Effect of Various Solvents on the Response of Pirimiphos-Methyl
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Table 3.10 The Optimum Operating Parameters for the Unicam GC-FPD System
Parameter Operating Conditions
Detector: Flame photometric in phosphorus mode (at a wavelength of 526 nm)
Detector temperature: 250°C
Column: 1.5 m 5% OV210 on chromosorb WHP (100-120) mesh
Column temperature: 200°C
Nj flow rate: 45 ml min'^
flow rate: 30 ml min’*
Air flow rate: 30 ml min’*
Injector temperature: 230*C
Injection volume: 0.5 ii\
These conditions are considered to be prerequisite to achieving optimum qualitative 
and quantitative results in organophosphorus analysis using the Unicam GC-FPD system.
3 .5  Q u an tita tiv e  E valuations o f th e  C hrom atogram s
The area under a chromatographic peak is directly proportional to the total amount 
of the component reaching the detector and this in turn is directly proportional to the amount 
of component injected originally. Consequently if the sample size is maintained, the area 
under the component peak is proportional to the concentration of the component in the 
sample. Peak data may be obtained in a number of ways which include electronic integrators, 
triangulation and the cut-and-weigh method, although an electronic integrator is the easiest 
method for obtaining peak data and also provides the most reproducible results [Dyson, 
1990]. If the peaks approximate to the shape of triangles with a constant base or if the peaks 
are so narrow as to have a negligible peak width, then the height of each peak is proportional 
to the peak area. The accuracy of the peak data is imperative in obtaining precise, qualitative 
and more importantly quantitative results.
The Perkin-Elmer system collects chromatographic data through remote integrators, 
which have been designated specific methods (refer to Section 3.3). These methods are user 
generated based upon optimized parameters. The integrator uses the peak width and end time 
values from the method to digitize the analog signal from the instrument amplifier. This 
information is transferred to the 7500 computer, where it is stored as a raw datafile.
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Peak Detection.
The data processing cycle is initiated with peak detection utilizing the area and 
baseline sensitivity values from the collecting method. The area sensitivity (AS) value defines 
a test area which is used to identify a peak start and a peak crest. When the digital signal 
begins to increase, the integrator starts to accumulate a test area between the signal level and 
the pre-established baseline. Once this area exceeds the value established in the method a peak 
start is confirmed. When this digitized signal passes through a peak crest and begins to 
decline, the integrator will accumulate a second test area. As this value exceeds the AS, the 
peak crest is confirmed and the peak recognized. The baseline sensitivity (BS) is related to 
the signal level and determines the peak end point and the return to baseline. The system 
applies these values to the data recorded in the data file  and determines peak starts, crests, 
ends and the corresponding raw peak area, storing the information in the topographical file.
Baseline Correction.
A baseline is constructed beneath the chromatogram of the topographical file  
according to the baseline correction type entered in the method (valley-to-valley, horizontal 
or basepoint-to-basepoint); this data is then stored in a baseline file. The resulting calculated 
peak areas are subsequently stored in the peak file. The final report is prepared from the peak 
file  data.
The computational output must yield accurate, reliable data if quantitative evaluations 
are to be based upon the integrations. The measurement of peak areas and/or peak heights is 
necessary for all quantification and the accuracy of these is dependant upon the application. 
Peak height is sometimes a more precise measure of solute quantity than area, when the 
accuracy of each measurement is comparable [Dyson 1990]. Area is a true measure of the 
solute quantity, whilst height is a substitute used in manual calculations, but integrators 
measure both height and area in similar ways. Differences in precision between each 
measurement indicate that some aspect of the analysis is not sufficiently controlled and area 
is a more sensitive indicator of this. Possible sources of inaccuracy may be noise, asymmetry, 
peak overlap, or baseline drift.
Noise affects peak areas more than heights, as losses result at peak flanks which do 
not interfere with height measurements. Height is only affected by inaccurate placement of 
the constructed baseline, but in this instance losses in area quantitation are greater than height. 
Peak asymmetry distorts peak shape and height, but not area; area is always considered to be 
the more accurate measure for asymmetrical peaks. There is no accurate way to separate
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unresolved peaks and both height and area measurements are perturbed by peak overlap, 
although height is only affected when one peak overlaps the maximum of the other. 
Construction of a linear baseline beneath a peak instead of a more accurate, but 
indeterminate, curved baseline affects both area and height; area is distorted more.
The three standard pesticides, dichlorvos, pirimpiphos-methyl and malathion were 
prepared at a concentration of 1 pg m l'\ The lower concentrations were used in this study 
to reflect the fortification levels normally employed by MAFF in organophosphorus pesticide 
method development studies [MAFF, 1985]. Ten aliquots of 0.5 pi were injected onto the 
column and run under the predetermined conditions and the following integrated data was 
obtained (Table 3.11). A second assessment of the two parameters was conducted, whereby 
the linear responses of both peak areas and peak heights were evaluated using standards of 
dichlorvos in the concentration range 1 to 5 ;ng m l'\ The results are reported in Table 3.12.
Table 3.11 A Comparison of Peak Areas and Peak Heights
Pesticide Peak Area ±  a (rsd) Peak Height ±  <r (rsd)
Dichlorvos
Pirimiphos-methyl
Malathion
27189 ±  2408 (8.8) 
277320 ±  11514 (4.2) 
148070 ±  44707 (30.2)
5.2 ±  0.2 (3.4) 
10.9 ±  0.5 (5.0) 
3.6 ±  0.8 (22.2)
The relative standard deviations for the two sets show that the peak height results 
show less variation in a comparison of consecutive injections. This may be ascribed to the 
computer based integration in which the noise levels at concentrations of 1  fig ml'  ^ eventuate 
inaccuracies in defining peaks, which induces the poor reproducibility.
Table 3.12 Comparative Linear Responses of Peak Areas and Heights for Dichlorvos
Pesticide Correlation Coefficient 
Peak Area
Correlation Coefficient 
Peak Height
Dichlorvos
Pirimiphos-methyl
Malathion
0.993
0.998
0.999
0.991
0.997
0.997
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In both peak height and peak area calibrations the response was observed to be linear 
over the assessed range. The correlation coefficients in both instances were very good, 
suggesting that in the experimental evaluations to be conducted throughout this chapter, either 
may be used for quantitative purposes. The main consideration in differentiating between peak 
areas and peak heights appears to be the noise consideration, which is greatly enhanced at the 
lower concentration levels. The chromatographics-3 programmes does not include a noise 
filtration parameter and hence, for accuracy and ease of data manipulation peak heights 
appear to be more accurate. However, this was examined further in the following section.
3.6 Quality Control
3.6.1 Precision and Accuracy
Precision is a measure of the repeatability of a determination, that is, it is concerned 
with the ability of a system to reproduce the same values for a set of parallel observations 
[Willard, 1988]. It is normally reported as the relative standard deviation of the mean of 
multiple runs of the sample (or standard) of interest, at a concentration representative of the 
analyte within the "real" sample. Precision is often limited to noise alone.
The accuracy of a quantitative analysis is characterized by the deviation of the 
measured values from the true values of the composition of a mixture. In the assessment of 
pesticide residues the accuracy of the measurement is influenced by a number of factors; the 
extraction efficiency of the solvent system, the presence of interferences altering resolution 
and peak symmetry and losses resulting from the chromatographic system. The accuracy of 
a procedure is measured through the use of International Standard Reference Materials 
(SRMs) designed specifically for this purpose. In the absence of reliable reference samples, 
standard addition studies may be used to assess the accuracy of a system.
In order to ascertain the precision levels for the injection of the range of 
organophosphorus pesticides, it is necessary to identify each pesticide by its chromatographic 
retention time. The distance of a peak from the injection point on the time coordinate is the 
total retention time during which the solute is retained upon the column. The total retention 
time consists of two components:
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where 7^ Total retention time.
Tm Time during which the solute is in the mobile phase.
Ts Time during which the solute is in the stationary phase.
The precision of the GC-FPD for the pesticides of interest was determined through 
ten consecutive injections of 0.5 fû of 1 fig ml'^ onto the OV210 column, under the standard 
conditions established in Section 3.4.3. The results are reported in Table 3.13.
Table 3.13 Precision Data for the Organophosphorus Pesticides at 1 p g  ml^
Pesticide Retention Time 
mins
Peak Area 
% RSD
Peak Height 
% RSD
Dichlorvos 0.9 16.1 4.8
Methacrifos 1.2 25.9 6.3
Diazinon 1.7 21.5 4.2
Etrimfos 2.0 13.5 13.8
Disulfoton 2.2 23.6 19.2
Chlorpyrifos-methyl 2.8 12.9 10.0
Pirimiphos-methyl 2.9 18.9 11.5
Chlorpyrifos 3.3 15.7 9.9
Bromofos 3.9 29.3 21.6
Bromofos-ethyl 4.6 16.9 15.5
Malathion 5.2 26.9 22.7
Fenitrothion 6.1 29.9 22.1
where n =  10 replicate injections
The results in the above table demonstrate that the relative standard deviations of the 
peak height data are lower than the peak area data in all cases, with the exception of etrimfos. 
The relative response of etrimfos is greater than all the other organophosphates and 
consequently peak distortion and noise interferences are minimal. Internal standardization may 
be used to enhance both the accuracy and precision of a determination and to account for the 
irreproducibility of consecutive injections and will be evaluated in the following section..
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3.6.2 Internal Standardization
The factors that influence the response of the detector, such as variations in sample 
size, gas flow rates, column and detector temperatures, must be controlled if quantitative 
results are to be obtained [Zweig, 1989]. These effects can be compensated for by the use of 
an internal standard technique, where a fixed quantity of a pure standard substance is added 
to the samples and standard solutions alike. The responses of the analyte and the internal 
standard are determined and the ratio of the two responses is calculated. If the parameters that 
affect the measured responses are controlled, the response of the internal standard will be 
constant, since the concentration is fixed. If however, one or more of the parameters that 
affect the measured responses vary, the response of the analyte and the internal standard 
should be affected equally. Thus the response ratio (analyte to internal standard) depends only 
upon the analyte concentration. The standard must be added prior to the final dissolution to 
allow for mixing and all equilibria to be established. The choice of internal standard must 
comply with following requirements:
(a) It must not be present in the original sample, but should be similar to the 
analyte with an easily measurable signal and respond in a manner similar to 
the analyte.
(b) The concentration of the internal standard should be of the same order of 
magnitude as the analyte in order to minimize the error in calculating the 
response ratios.
(c) It must elute close to the component of interest, but it should be completely 
resolved from all other peaks.
(d) It should be inert to all sample components.
The organophosphorus pesticide, parathion, has been commonly used as an internal 
standard, but attempts to obtain a standard solution of parathion proved difficult due to its 
extreme toxicity [Vettorazzi, 1979]. Therefore, other possibilities were examined; parathion- 
methyl (which is less toxic than the parent compound), tributyl phosphate and methidathion. 
These organophosphates have not been observed in either cereal or dairy matrices and 
therefore depict possible internal standards. Various characteristics of the three 
organophosphates were determined in an attempt to meet the requirements of an internal 
standard, namely; retention times, linearity and stability. The response parameter has not been 
examined due to the large number of pesticides being examined and the improbability of a 
universal applicable internal standard for all pesticides under investigation.
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3,6.2.1 Retention Times o f the Internal Standards
It is important to ensure that the internal standard peak does not coincide with that of 
the analyte of interest and therefore the Tr value for each organophosphate was determined 
using 10 fxg ml'  ^ standards, under the conditions established in Section 3.4.3.
Table 3.14 Retention Times of the Organophosphorus Internal Standards
Organophosphorus Internal Standard* Retention Time (mins)
Tributyl phosphate 1.4
Parathion-methyl 5.6
Methidathion 7.2
’ Using 10 jug ml ' standards
The retention times of the three organophosphates have been established, but it is 
obvious from the values listed in Table 3.13 and Table 3.14, that there is inadequate elution 
time to resolve all pesticides from all internal standards. Tributyl phosphate was found to co­
elute with methacrifos and diazinon, such that the methacrifos and tributyl phosphate peaks 
were superimposed. There was insufficient separation to assign retention times to individual 
peaks and therefore, future quantitative evaluations for methacrifos and diazinon would not 
be possible using tributyl phosphate as the internal standard (Figure 3.8). A similar 
occurrence resulted from the use of parathion-methyl, such that the peak coincided with the 
elution of malathion and fenitrothion. However, the individual peaks were distinguishable, 
although resolution was poor (Figure 3.9). Methidathion did not interfere with the elution of 
the other pesticides as it was retained for an extended period, that is it eluted after all the 
analyte organophosphates, suggesting a possible internal standard for the work in this study.
3.6.2.2 Stability o f the Internal Standards
The stability of the internal standard is imperative in ensuring the provision of 
accurate data. A standard which degrades over the period of analysis is ineffective for its 
primary function in compensating for the inconsistencies in the analysis. The stability of the 
three potential internal standards was assessed over a period of 50 days, by preparing standard 
solutions of 1 fig ml'* in acetone, which were stored at 5°C between subsequent analyses.
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Figure 3.8 Inadequate Resolution of the Diazinon, Methacrifos and Tributyl Phosphate
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Figure 3.9 Inadequate Resolution of the Malathion, Parathion-methyl and Fenitrothion
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Table 3.15 An Assessment of the Stability of the Organophosphorus Internal Standards
Mean Peak Heights 
mean ±  a
Organophosphorus 
Internal Standard
Day 0 Day 15 Day 50
Tributyl phosphate 1.61 ±  0.11 1.59 ±  0.09 1.61 ±  0.1
Parathion-methyl 0.53 ±  0.19 0.54 ±  0.04 0.40 ±  0.08
Methidathion 0.85 ±  0.12 0.75 ±  0.07 0.58 ±  0.09
The results reported in Table 3.15 indicate that tributyl phosphate was stable over the 
entire period of the experiment, while parathion methyl was stable over the 15 day period 
with slight degradation over 50 days. Methidathion showed extremely poor stability even at 
the 1 0  day period and as a consequence methidathion was deemed an unsuitable internal 
standard for routine analysis. Further assessments of both tributyl phosphate and parathion 
methyl are required to determine the more competent internal standard.
3.6.2.3 Linearity o f the Internal Standards
The generated detector signal should be linearly proportional to the measured 
concentration. The signals of both the standard and the sample component should be within 
the linear dynamic range of the detection system in order to observe fluctuations in response. 
This is especially important in trace analysis where extremely large differences in signal 
intensities occur [Schomburg, 1990]. The three organophosphorus standards were assessed 
for linearity by analyzing solutions over the concentration range of 0.5 to 10 jLcg m l'\ The 
following calibration plots were obtained (Figure 3.10).
The detector response was observed to be linear for the three organophosphorus 
standards over the examined concentration ranges. The correlation coefficients for the 
organophosphates were found to be excellent, with values of 0.999 for the three 
organophosphorus standards; methidathion, parathion-methyl and tributyl phosphate.
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Figure 3.10 The Linearity of Parathion Methyl, Tributyl Phosphate and Methidathion
ASSESSMENT OF THE LINEARITY 
OF METHIDATHION
10
£ 8
6I
I 4
0
3 5 60 2 41
CONCENTRATION (pgAtil)
Regression Output;
Constant 0.04778
Std E rr o f  Y  Est 0.0609
R  Squared 0.99897
No. o f Observations 5
Degrees o f Freedom 3
X  Coefficient(s) 
Std Err o f Coef.
0.83579
0.01549
ASSESSMENT OF THE LINEARITY 
OF PARATHION METHYL
@ 3 .6 -
m 2 .4 -
£  1.2 -
5 60 2 3 41
CONCENTRATION (pgW )
Regression Output:
Constant -0.0363
Std Err o f  Y  Est 0.03 924
R  Squared 0.99987
No. o f Observations 5
Degrees o f  Freedom 3
X  Coefficient(s) 
Std Err o f Coef.
1.53744
0.00998
ASSESSMENT OF THE LINEARITY 
OF TRIBUTYL PHOSPHATE
10
I -
L
0
30 2 5 641
CONCENTRATION (pgW )
Regression Output:
Constant 0.11804
Std Err o f  Y  Est 0.06169
R  Squared 0.99965
No. o f Observations 5
Degrees o f Freedom 3
X  Coefficient(s) 
Std E rr o f  Coef.
1.46052
0.01569
150
The various experimental assessments of parathion methyl and tributyl phosphate 
provide sufficient evidence that both may be used as internal standards in the work to be 
conducted for residue analysis. Both have their limitations; the co-elution of the two with 
pesticides of interest and the relative response factors. Methidathion is the preferred standard 
due to its similarity in chemical structure and limited interference with the residual pesticides, 
but its instability suggest that for reducing overall analysis times either parathion-methyl or 
tributyl phosphate should be employed. Parathion-methyl has been selected over tributyl 
phosphate for its similarity in chemical structure to the analyte pesticides, but in the event that 
interferences with the analytes are qualitatively observed in the sample matrix, methidathion 
may be employed.
Previously it was observed that repeated injections of individual organophosphates 
resulted in poor reproducibility data. This experiment was repeated, but internal standard, 
parathion methyl (or tributyl phosphate for malathion and fenitrothion) was added to all 
standard solutions at a concentration of 1 fig m l'\ Table 3.16 lists the comparative results.
Table 3.16 Comparative Precision at 1 fig ml * Utilizing Internal Standardization
Pesticide Peak Height RSD % Peak Height RSD%
No Internal Standard Internal Standard
Dichlorvos 4.9 5.6
Methacrifos 6.3 1.6
Diazinon 4.1 3.6
Etrimfos 16.8 6.0
Disulfoton 19.3 1.4
Chlorpyrifos-methyl 12.5 3.9
Chlorpyrifos 9.9 1.6
Bromofos 15.7 7.9
Pirimiphos-methyl 11.4 9.0
Bromofos-ethyl 15.5 6.3
Malathion 2 2 . 1 4.8
Fenitrothion 2 2 . 1 4.7
In this study the overall mean precision for the replicated injections, in the absence 
of the internal standard was determined to be 13.4 +  6.3, while the equivalent value for the 
presence of the internal standard was 4.7 + 2.4. In each case, with the exception of
151
dichlorvos, the presence of the internal standard distinctly enhanced precision, by over 50%. 
Dichlorvos appears to be the exception as it is a relatively small peak in comparison to the 
others and elutes virtually on the tail of the solvent peak. Inconsistencies in peak measurement 
result as a consequence. It may therefore be stated that all further quantitative work requires 
the addition of an internal standard, in order to obtain precise results.
3.6.3 Detection Limits for the Organophosphorus Pesticide Analysis
The detection limit of an instrument for a particular analyte is the minimum amount 
of this analyte that can be statistically distinguished from a blank. The detection limit may be 
related to analytical measurement limits by defining a minimum detectable quantity (MDQ) 
for a compound. This is a signal that will produce a peak signal of twice the noise limit.
w h e re  s ta n d a rd  d ev ia tio n  of th e  n o ise  s ig n a l
Smax S tandard  d ev ia tio n  of th e  a n a ly te  s ig n a l
m a m o u n t of co m p o u n d  injected
For an actual analysis the MDQ may be greater than the value calculated in the above 
equation due to adsorption losses, interference from coeluting compounds or increased 
baseline noise due to detector contamination. It is also influenced by the loss of a compound 
during extraction or cleanup and therefore it is necessary to determine the analytical limit 
experimentally as oppose to using theoretical considerations.
In this experimental work, the sample of interest does not have a corresponding blank 
peak and therefore it is not possible to apply the above recommendation. Signal-to-noise 
considerations are the important factors to examine. As analyte concentrations decrease to 
trace levels the problem of distinguishing the signal from noise becomes increasingly difficult. 
As the concentration of the analyte approaches zero, the signal disappears into the noise and 
the detection limit is reached. A quantitative definition of the detection limit is that 
concentration of the analyte that produces an output signal three times the root mean square 
of the background noise (a signal to noise ratio of 3). In this instance a reduction in the noise
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level of the instrument will yield a lower detection limit. The ability of an instrument to 
discriminate between signals and noise is usually expressed as a signal-to-noise ratio (S/N) 
where:
D .L .  = 3
where D.L. detection limit 
$  background noise.
Standards of the individual pesticides were prepared at concentrations of 1 fig ml’*, 
with the exception of dimethoate which is only quantitatively observed at 2.5 [ig ml’* and run 
under the established conditions. The detection limits for each pesticide were obtained by 
measuring the noise signal, calculating the standard deviation of ten replicate runs and relating 
this value to the signal of the standard solution. The results are reported in Table 3.17.
Table 3.17 The Detection Limits for the Organophosphorus Pesticides
Pesticide Detection Limit 
ng ml^
Maximum Residue Levels in Food 
Atgg’*
Dichlorvos 13 0.05
Methacrifos 9 10
Diazinon 8
Etrimfos 21 10
Disulfoton 38 10
Chlorpyrifos-methyl 14
Chlorpyrifos 23
Bromofos 18
Pirimiphos-methyl 12
Bromofos-ethyl 25
Malathion 47 8
Fenitrothion 31 To
The detection limits of the various pesticides measured by the Unicam GC-FPD 
instrument range from 8  to 47 ng ml’*, with the exception of dimethoate which was only 
quantitatively observed at concentrations exceeding 1.5 fig ml *. This was considered to be
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The detection limits of the various pesticides measured by the Unicam GC-FPD 
instrument range from 0.025 to 0.0.5 /rg ml’*, with the exception of dimethoate which was 
only quantitatively observed at concentrations of 2.5 /xg ml * and above. These detection limits 
were considered to be adequate, as the quoted literature values for the maximum permissible 
levels of 0.05 to 10 fig g’* [MAFF, 1988a] are well above these limits when dilution factors 
have been accounted for.
3.6.4 Stability of the Organophosphorus Pesticides
In order to establish the stability of the individual pesticides, 1 and 10 fig ml * 
standards were prepared in hexane. These standards were run at day 0 (day of preparation) 
and re-run at days 15 and 40. The samples were stored at a temperature of 5°C between 
subsequent analyses and the results obtained recorded in Tables 3.18 and 3.19 respectively.
Table 3.18 Stability Data at Day 0 and 15 for the Organophosphorus Pesticides
Pesticide Peak Height Peak Height Hydrolysis Rates
Day 0 Day 15 Tj/jCHours)
1.3
37.0
Dichlorvos 0.40 ± 0.02 0.21 ± 0.02
Methacrifos 4.90 ± 0.3 2.71 ± 0.31
Diazinon 4.11 ± 0.2 1.74 ± 0.04
Etrimfos 3.20 + 0.5 1.09 ± 0.06
Disulfoton 2.54 ± 0.5 1.01 ± 0.03
Chlorpyrifos-methyl 2.00 ± 0.2 0.58 ± 0.02
Pirimiphos-methyl 1.84 ± 0.2 0.79 ± 0.03
Chlorpyrifos 1.82 ± 0.2 0.63 ± 0.07
Bromofos 2.04 ± 0.3 0.51 ± 0.03
Bromofos-ethyl 1.48 ± 0.2 0.67 ± 0.12
Malathion 1.23 ± 0.3 0.35 ± 0.05
Fenitrothion 0.77 ± 0.2 0.52 ± 0.04
7.8
11.2
Where peak heights are recorded as mean ±  standard deviation of ten replicate runs. 
Concentration of 1.0 fxg ml '
The hydrolysis rates (T1/2 ) reported in Table 3.18 are quoted for the 
organophosphorus pesticides in an ethanol-pH 6.0 buffer solution (1:4) at a temperature of
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Table 3.19 Stability Data at Day 0, 15 and 50 for the organophosphorus Pesticides
Pesticide Peak Height 
Day 0
Peak Height 
Day 15
Peak Height 
Day 50
Calculated
Ti/2
Dichlorvos 2.1 ±  0.2 2.6 ±  1.9 0.9 ±  0.1 1051
Methacrifos 28.2 ±  2.7 30.8 ±  2.2 34.7 ±  0.9 -
Diazinon 31.7 ±  3.5 20.3 ± 4 . 1 23.7 ±  0.9 2380
Etrimfos 15.2 ±  2.5 14.6 ±  0.8 12.2 ±  0.6 3046
Disulfoton 16.1 ±  1.3 14.6 ±  1.4 17.9 ±  0.8 -
Chlorpyrifos-methyl 13.6 ±  4.1 10.2 ±  0.2 11.4 ±  0.8 3696
Pirimiphos-methyl 12.4 ±  2.1 10.5 ±  0.7 13.2 ±  0.4 -
Chlorpyrifos 10.5 +  0.1 8.9 ±  0.1 6.2 ±  0.2 1466
Bromofos 10.1 ±  0.6 6.4 ±  0.9 11.1 ±  0.6 -
Bromofos-ethyl 8.50 ±  1.6 5.6 ±  0.8 6.5 ±  0.2 2544
Malathion 3.33 ±  0.3 3.8 ±  0.04 3.3 ±  0.4 -
Fenitrothion 5.14 ±  0.4 6.29 ±  0.49 5.2 ±  0.1 -
Where peak heights are recorded as mean ±  standard deviation of ten replicate runs.
Concentration of 1.0 fig ml '
The 10 fig ml * standards appear to be relatively stable over the 50 day period, while 
the 1 fig ml * standards were unstable over the 15 day period. The calculated half lifes in 
Table 3.19 are much longer than the corresponding literature values reported in Table 3.18, 
but this may be a result of preparing these organophosphorus pesticides in a non-polar solvent 
and the subsequent storage at a temperature of 5°C increasing their stability.
The organophosphorus pesticides are formulated to be water soluble and all are 
rapidly hydrolysed and oxidized in the environment or alkali media, to mono or disubstituted 
phosphoric or phosphonic acid or their thioanalogs [Kaloyanova, 1991]. Isomerization 
reactions may occur if the pesticides are stored at high temperatures resulting in the formation 
of more toxic derivatives. Humidity and sunlight also play a role in the transformation of the 
organophosphates under natural conditions, while microbial degradation also contributes to 
the fast dissipation of the pesticides from treated fields. Obviously the organophosphorus 
pesticides are designed to degrade rapidly under a variety of conditions, in an attempt to limit 
the extent to which they may accumulate and therefore they are of relatively low stability.
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The decay pattern of these organophosphorus standards was similar to that of 
methidathion, but the relatively low response factor of this pesticide proved methidathion 
incompetent as an internal standard.
3.7 The Determination of Organophosphorus Pesticide in Cereals
The main objective of a residue analysis is to determine within the shortest possible 
period, for both practical and economical purposes, as many pesticide residues as conceivable 
which occur in a sample of unknown origin. A general method may be divided into two 
stages; the first is the rapid screening for residues present, while the second involves the 
identification and quantitation of the residues observed [Ambrus, 1981].
Cereals, in particular wheat, have been widely reported as containing significant levels 
of organophosphorus pesticides, as a result of application during storage. Wheatbran has been 
the matrix of choice for initial investigations as the organophosphorus pesticide, pirimiphos- 
methyl, was reported to accumulate preferentially in the bran [Wilkin, 1981].
The major problems associated with the determination of organophosphates in cereals 
is the isolation of the pesticide residues from the bulk of the lipid coextractives. Extracts 
obtained with general extraction procedures [Luke, 1981] or even with specific methods 
[Bottomley, 1984] contain significant amounts of coextracts. In these instances direct 
determination by gas chromatography is impractical, even with selective detectors such as the 
FPD. Therefore, it is imperative that the procedure employed eliminates the bulk of these 
interferences; the extraction must involve three stages:
(a) Extraction of the pesticide from the grain.
(b) Physical or chemical cleanup to separate the residues from the coextracts.
(c) Identification (confirmation) and quantitation of the residues present.
3.7.1 Extraction of the Pesticides from Bran
As discussed previously in Section 3.1.1, solvent extraction is the most practical way 
to isolate the pesticide residues from the matrix and since the solvent needs to penetrate the 
cells it must at least be partially soluble in water [Grave, 1985]. The extracting solvent must 
be suitable for the extraction of compounds with a wide range of polarity from matrices 
containing large quantities of water, fat, sugar and other substances.
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A number of solvents are commonly employed in the extraction of organophosphates 
from foodstuffs with the most frequently used including acetonitrile [Storherr, 1971], acetone 
(MAFF, 1985] and hexane [Desmarchelier, 1977]. Acetonitrile has the advantage of 
extracting much less lipophilic material, fats and waxes, so that the final solution contains 
only a minor load of coextracts. The disadvantages of acetonitrile are its high cost, toxicity 
and difficulty in removal [Ambrus, 1986]. Acetone is available in much higher purity grades 
and has the advantage that it is less toxic, more volatile and its extracts are readily filtered 
[Ambrus, 1981]. It can also be used in conjunction with matrices of a high sugar content 
without forming a two phase system in the presence of water. However, since the final extract 
contains appreciably more coextracted material, further cleanup is required. Hexane is also 
commonly used in the extraction of residues from grain [Desmarchelier, 1977], but problems 
may arise due to the non-polar characteristics of the solvent and consequently reduce the 
extraction efficiency of the more polar organophosphates.
An assessment to ascertain the optimum solvent, acetone, acetonitrile or hexane, for 
the extraction of organophosphorus residues from bran was conducted.
3.7.1.1 Investigation of Suitable Solvents for Extraction of Organophosphorus Residues
Samples of Bran Flakes (Kellogg’s Company, U.K, 25 g) were homogenized for a 
period of 5 minutes with 50 ml of each solvent. The resultant mass was filtered under 
vacuum, the filtrate collected and the residue washed with a further 25 ml of solvent. The 
washings and the original filtrate were combined, and the ensuing solution concentrated to 
dryness. Internal standard (parathion-methyl, 1.0 [xg ml'*) was added to the "dry" extract and 
the sample redissolved to a volume of 10 ml with the extraction solvent. The resultant 
solution was subsequently analyzed by GC-FPD under the conditions established in Section 
3.4.3. Figure 3.11 summarizes the procedure employed.
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Figure 3.11 The Extraction of Organophosphates from Bran
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Homogenization of the bran with acetonitrile yielded a sludge, which was impossible 
to filter, even employing high vacuums. The extracts from the other two solvents
filtered readily, although it was observed that the acetone extract was intensely yellow in 
comparison to the hexane extract, suggesting that increased levels of coextractives were 
removed by the more polar solvent. Gas chromatographic analysis of the extracts showed no 
differences between the two solutions, although this may be attributed to the specificity of the 
detector.
An attempt to obtain information about the two solvent extracts was conducted by 
using infra-red (IR) and nuclear magnetic resonance (NMR) spectrometry. Examination of the 
individual spectra showed that the two extracts were similar in nature [IR and NMR spectra] 
and since both the IR and NMR techniques are qualitative as opposed to being quantitative, 
it was not possible to infer whether one extract contained a significantly greater quantity of 
coextractives. Figures 3.12 and 3.13 illustrate the comparative IR and NMR extracts. 
Continued experimentation using both acetone and hexane was conducted since it was not 
possible to discriminate between the solvents.
The extraction of residues is not only dependant upon the solvent employed but also 
varies significantly with the period in which the matrix is in contact with the solvent. An 
assessment of homogenization of the bran, with both acetone and hexane, for various time 
intervals has been conducted.
3.7.1.2 The Optimum Extraction Period of Organophosphates from Bran
Samples of Kellogg's Bran Flakes (25 g) were fortified with dichlorvos, diazinon and 
pirimiphos-methyl to a final concentration of 1 /xg ml * and stored as described in Section 3.3. 
Samples were homogenized individually with hexane or acetone, for varying time periods (2, 
5, 10 and 20 minutes) utilizing the extraction procedure outlined in Schematic 3.11. 
Parathion-methyl (1 /xg ml'*) was added as the internal standard to the concentrated extract 
preceeding the final dilution. Samples were analyzed using GC-FPD and the results are 
reported in Table 3.20.
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Figure 3.12 The Comparative IR Spectra for Both Acetone and Hexane Extracts 
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3.13 The Comparative NMR Spectra for Both Acetone and Hexane Extracts
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Table 3.20 Recovery Studies Using Hexane and Acetone for Various Extraction Periods
Extraction 
Period (mins)
Recovery % 
n ± a
Hexane
Dichlorvos
Acetone
Dichlorvos
Hexane
Diazinon
Acetone
Diazinon
Hexane
Pirimiphos*
Acetone
Pirimiphos*
Blank 99 +  2 98 +  3 99 +  2 100 +  2 95 +  4 94 + 4
2 mins 76 +  3 95 +  3 82 +  3 84 + 3 85 + 5 84 + 5
5 mins 94 +  3 63 ±  7 85 +  3 90 +  4 91 +  3 79 + 5
10 mins 94 +  5 7 3 + 5 94 +  4 92 +  4 93 +  4 74 +  6
20 mins 79 +  3 63 +  8 83 +  6 86 +  5 70 ± 6 55 ± 8
Pirimiphos-methyl
The fortified samples revealed that for hexane at the 2 minute interval there is 
insufficient time to extract all the pesticides from the matrix. This poor efficiency may be 
expected to deteriorate further when examining "real" matrices. In this instance, the pesticides 
are liable to be distributed throughout the matrix as oppose to experimental studies in which 
the pesticides tend to accumulate on the surface of the bran. These conditions are difficult to 
replicate, as the contaminated grain undergoes extensive processing, which disperses the 
pesticides.
The acetone extracted the bulk of the dichlorvos and pirimiphos-methyl in two 
minutes, while 10 minutes was optimum for diazinon. Generally it appears that 10 minutes 
was optimum for the extraction of the pesticides from the samples of bran. The period of 
extraction is important because in order to have an effective procedure, it is necessary t o , 
accumulate all residual quantities of the pesticide. However, the homogenization stages should 
not remove significant quantities of coextracts from the matrix and therefore a balance 
between the two is critical for an efficient extraction procedure.
Prolonged extraction periods resulted in increased levels of interferences, which was 
clearly visible from the color of the extract i.e. as homogenization periods increased, the 
intensity of the color of the extracts heightened. The increased levels of interferences effected 
an apparent reduction in the levels of pesticide removed from the matrix, with the acetone 
extracts significantly "yellower" than hexane samples.
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In single flame photometric detectors, sample responses are severely quenched by the 
presence of a hydrocarbon background in the flame [Sugiyama, 1973] and consequently it 
was necessary to eliminate, or at least reduce the substances that impede analysis.
To conclude that cleanup is imperative in the determination of the organophosphorus 
pesticide residues in cereal matrices, it is necessary to confirm that interferences are 
significant. Since it has already been established that increasing the period in which the matrix 
is in contact with the solvent enhances the extraction of secondary components, it was found 
necessary to evaluate the effect of increased matrix mass on the extraction procedure.
3,7,1.3 An Assessment o f Matrix Interferences with Increasing Mass
A series of 10, 20, 30, 40 and 50 g samples of Bran Flakes were extracted using both 
hexane and acetone for the assessment of matrix interferences, using the procedure outlined 
in Figure 3.11. Each concentrate was fortified after extraction and prior to the final 
concentration, with dichlorvos at a concentration of 5 /xg ml'^ and diazinon and pirimiphos- 
methyl at a concentration of 1 m l'\ Parathion-methyl (1 jtxg ml'O was employed as the 
internal standard. A blank "extract" was prepared inconjunction with the spiked samples. The 
results are presented in Table 3.21 as mean peak height data.
Table 3.21 Matrix Interferences as a Result of Increasing Mass
Sample 
Mass (g)
Mean Peak Height i n±a)
Hexane
Dichlorvos
Acetone
Dichlorvos
Hexane
Diazinon
Acetone
Diazinon
Hexane
Pirimiphos*
Acetone
Pirimiphos*
Blank 0.93 ±  0.02 2.2 ±  0.2 3.6 ±  0.2 5.1 ±  0.1 1.9 ±  0.08 1.9 ±  0.2
10 0.89 ±  0.08 2.4 ±  0.6 3.4 ±  0.4 4.1 ±  0.8 1.9 ± 0.09 1.6 ±  0.1
25 0.87 ± 0.07 1.8 ± 0.4 3.5 ±  0.2 3.9 ±  0.6 1.8 ±  0.07 1.6 ±  0.2
50 0.90 ±  0.10 1.6 ±  0.1 3.5 ±  0.3 3.7 ±  0.7 1.9 ±  0.09 1.5 ±  0.1
75 0.90 ±  0.10 1.6 ±  0.2 3.4 ±  0.5 3.8 ±  0.8 1.7 ±  0.01 1.3 ±  0.1
Pirimiphos-methyl
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Table 3.21 indicates that the results obtained are clearly dependant upon the solvent 
employed for the extraction. The use of acetone appears to result in a diminishing output 
signal as the quantity of matrix is increased. However, hexane causes no significant loss of 
signal indicating a superior solvent for this experimental work. These results appear to be 
consistent with the observations of Ambrus, who stated that the more polar solvents extract 
additional matrix components [Ambrus, 1986]. It must be noted that the intensity of the 
colour of the extracts increased as the mass of the extracts was increased. This was observed 
for both acetone and hexane, but the hexane extracts were a less acute shade of yellow.
This experiment undoubtedly indicates that with the combined use of hexane and the 
FPD, cleanup is not essential. However, the oily nature of the extract does cause problems 
with blockage of syringes and may result in a reduced efficiency of the GC column from 
contamination. At this stage it was concluded that hexane would be the preferred solvent and 
although complete cleanup was not required, it was necessary to incorporate some form of 
co-extract removal into the extraction procedure.
3.7.2 The Cleanup of Cereal Matrices by Solid Phase Extraction
There are two main forms of cleanup, the first is chemical which utilizes liquid-liquid 
extraction techniques for the removal of interfering organics, while the second uses solid 
phase extraction in which sorbents are employed to eliminate interferences. Liquid-liquid 
cleanup techniques have all been well documented [Bottomley, 1984; MAFF, 1985], but the 
disadvantage of the lengthy sample preparation times lends this study towards evaluating solid 
phase extraction. Figure 3.14 summarizes the extraction procedure employed.
Fractionation or cleanup of sample extracts prior to chromatographic analysis is used 
to remove coextracted materials that often interfere with the determination of the analyte. 
Such fractionations are usually accomplished by column chromatography as conventional 
methods are costly and time consuming. It is impractical to assume that a universally 
applicable method may become available, as characteristics of analytes are markedly different 
and the nature of the impurities to be removed are intricate.
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Figure 3.14 The Extraction Scheme for Organophosphorus Pesticides from Bran
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rotary evaporator to remove excess solvent
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EFFECT GC-FPD ANALYSIS
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Conventional analytical methods use large quantities of solvents and chemicals for the 
extraction of organophosphorus residues [Hem and^, 1990] and in order to minimize the use 
of excessive chemicals, it is necessary to scale down the procedure. The size of the analytical 
sample may only be reduced to a limited extent, as residues may be unevenly distributed and 
therefore the representative nature of the sample would be destroyed. However, the cleanup 
may be miniaturized in subtracting a smaller aliquot of the original extract, which then results 
in:
(a) Decreased amount of coextractives to be removed.
(b) Reduction in scale of laboratory equipment.
(c) Reduction in the chemicals and solvents required.
(d) Considerable savings in cost and time.
Over the last decade solid phase extraction (SPE) has emerged as a powerful tool for 
sample preparation and cleanup. It is a physical extraction process that involves a solid and 
a liquid phase. Figure 3.15 illustrates the process [Analytichem, 1985]. The concept of SPE, 
is similar to that of low pressure liquid chromatography, where the sample preparation 
technique consists of small disposable cartridges filled with a variety of sorbents.
In SPE the solid phase has a greater affinity for the isolate than the solvent in which 
the isolate is dissolved. As the sample solution passes through the sorbent bed the isolate 
concentrates on the surface, while the other sample components pass through. Selective 
elutions resulting in concentrated isolates may be achieved by using a combination of sorbents 
and solvents. The sorbents used in the Bond-Elut range are bonded silicas given specific 
properties as a result of functional groups covalently bonded to the silica substrate. A variety 
of different bonded silicas are commercially available and Table 3.22 lists the available 
sorbents.
Table 3.22 Sorbents Available in the Bond-Elut Series [Analytichem, 1985]
Bonded Silica Side Chain Polarity Structure
C,8 Octadecyl Non polar -Si-CigH37
Cg Octyl Non polar -Si-CgH,7
Cz Ethyl Non polar -Si-CaHj
20H D id Polar -Si-(CH2)30CH2CH(0 H)-CH2(0 H)
NHz Aminopropyl Polar -Si -C3H6NH2
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Figure 3.15 The Process of Solid Phase Extraction
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The bonded silicas are formed by the reaction of organosilanes with activated silica. 
The product is a sorbent with the functional group of the organosilane attached to the silica 
substrate through a silyl ether linkage. Endcapping is subsequently carried out to deactivate 
the remaining silanol groups to ensure that the properties are due only to the functional 
groups. The silica sorbents are rigid materials that do not shrink or swell in different solvents 
and hence equilibrate rapidly. They are stable within the pH range of 1 to 14 and capacity 
values range from 1 to 5% of the sorbent mass [Analytichem, 1985].
The wide range in polarity of the organophosphorus compounds to be assessed and 
the oily characteristics of the matrix, has led to some ambiguity as to which sorbents and 
solvents to employ for the cleanup procedure. Assessments of the suitability of both polar and 
non-polar cartridges will be conducted in the following section. Initial investigations involved 
the use of standard organophosphorus pesticide solutions, which were charged on to the non­
polar Cg, Cg and C^ g SPE cartridges. An attempt to elute the pesticides was carried out using 
a variety of solvents, in order to find the most effective.
3.7.2.1 Determination o f the Optimum Sorbent fo r Organophosphorus Pesticide Residues
Standards of the organophosphorus pesticides etrimfos, diazinon and parathion-methyl 
have been prepared in a variety of solvents at a concentration of 1 0  jug ml'^ in the following 
solvents; water, methanol, acetone, acetonitrile, diethyl ether, petroleum ether and hexane. 
Initial studies were conducted using the non-polar octadecyl silica cartridge (500 mg). A C^ g 
cartridge was placed into the Vac-Elut manifold which was in turn connected to a water 
pump, to achieve a flow rate of 2 - 3 ml m in'\ A volumetric flask (10 ml) was placed in to 
the manifold in order to collect all elutions. The cartridge was pre-conditioned using 3 ml 
methanol, while ensuring that the sorbent did not run dry at any stage. An aliquot (1 ml) of 
diazinon in methanol was then applied to the cartridge and the eluate collected and analyzed. 
The experiment was repeated using both etrimfos and parathion methyl in methanol with new 
cartridges. This procedure was repeated with each combination of standards, solvents and 
sorbents in an attempt to determine the optimum sorbent for the retention of the pesticides.
The preliminary solvation of the sorbent is necessary for it to interact reproducibly 
with the isolates, as solvation is a wetting of the sorbent to create an environment suitable to 
isolate retention. Methanol was considered to be an effective solvating agent as it interacts 
with both the polar silanols on the silica and the non-polar carbon atoms of the bonded 
functional groups [Analytichem, 1985].
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It was observed that the non-polar Cjg, Cg and cartridges only retained the 
pesticides if the solvent was water, while the 20H  and NH^ systems only retained the 
organophosphates when the solvent was hexane. Retention is a function of three factors; 
isolate, solvent and sorbent. Non-polar interactions are those that occur between the carbon- 
hydrogen bonds of the functional groups and the carbon-hydrogen bonds of the isolate, 
commonly known as Van der Waal's forces. Since most organic molecules have some non­
polar structure, these interactions are often used to retain isolates on the surface of the 
sorbent. Non-polar interactions between non-polar sorbents and isolates are facilitated by the 
use of solvent environments that are extremely polar in nature. Polar solvent / matrix 
environments are generally not capable of disrupting the dispersion forces of the non-polar 
interaction. Non-polar solvent systems are able to disrupt these forces. The apparent non- 
retentive properties of the "C" cartridges may be due to the fact that even a solvent as polar 
as methanol, is sufficiently non-polar, that it is capable of disrupting the retentive interactions 
causing elution from the sorbent. Water is the best solvent to facilitate non-polar interactions 
and as observed the pesticides were retained. It is therefore obvious that the "C" cartridges 
may only be used in the event that water is the solvent. The cereal extract is extremely oily 
in nature and hence has no tendency to dissolve in water and as a consequence the C^ g, Cg and 
Cj cartridges have been eliminated from further study.
Polar interactions include hydrogen bonding, dipole-dipole, induced dipole-dipole, pi­
pi and a variety of other interactions in which the distribution of electrons between individual 
atoms is unequal causing positive and negative polarity. This allows an isolate with molecule 
bearing a polar functional group to interact with a polar functional group on the sorbent. The 
polar nature of the silica substrate and the unbonded silanol groups results in polar 
interactions being characteristic of all solvents. These secondary polar interactions are most 
significant in non-polar solvents. Hydrogen bonding is one of the more significant polar 
interactions and occurs between one group containing a hydrogen bonded to an electronegative 
group and a second group bearing an electronegative atom. All polar interactions are 
facilitated by non-polar solvents, as the strong electronic interactions cannot easily be 
disrupted by these solvents [Analytichem, 1985].
The retention of the organophosphorus pesticides in hexane only on both the 
aminopropyl and diol silicas, shows that obviously the other solvents successfully competed 
with the sorbents for the organophosphorus isolate. (N.B. The pre-conditioning solvent must 
be miscible with the solvent of the extract as some solvating molecules remain on the sorbent 
and therefore in the application of hexane extracts, the conditioning solvent was acetone).
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Repeating the experimentation for the polar sorbents using a new batch of the 
cartridges showed poor reproducibility such that there was no retention of the pesticides, even 
on solvation in hexane. There appears to be some discrepancy in the sorbent from batch to 
batch and at this stage it appeared necessary to approach SPE with a view to retaining the 
matrix as oppose to the pesticides. The general character of the matrix may or may not 
enhance retention. In cases where the sample contains large quantities of substances that have 
properties similar to the isolate, the matrix may compete successfully with the isolate for the 
sorbent. If detrimental coextracts are successfully retained on the sorbentb and the isolate 
passes through unhindered, the undesired components are eliminated from the sample in a 
single step. Experimental studies were conducted to evaluate the potential of this.
3.7.2.2 The Effect o f  the Matrix on the Polar Bond-Elut Cartridges
Initial experimentation required the assessment of all the pesticides to determine 
whether all of the organophosphates behaved reproducibly on the two polar SPE cartridges. 
Standards of the pesticides were prepared and assessed as described in the previous 
experiment. Samples of Bran Flakes (50 g) were homogenized with hexane for ten minutes 
and the solvent removed by rotary evaporation (see Figure 3.14). The concentrated samples 
were spiked with the pesticides; etrimfos, diazinon and parathion-methyl in hexane at a 
concentration of 10 /xg ml'  ^ and the sample diluted to a final volume of 3 ml using hexane. 
The 20H and NHg cartridges were both conditioned using 3 ml acetone and a 1 ml aliquot 
of the sample extract applied. The cartridges were air dried by increasing the flow rate to 10 
ml m in'\ washed with 3 ml hexane. All solvent elutions were collected, internal standard (1.0 
fig ml'  ^ parathion-methyl) added and diluted to a final volume of 1 0  ml with hexane.
Table 3.23 M atrix Interactions with the Aminopropyl and Diol SPE Cartridges
Recovery % (ji ±  a) from Eluant
Sorbent Etrimfos Diazinon Parathion-methyl
Blank 98 + 4 97 + 5 96 + 5
Diol 93 + 5 96 + 2 95 + 3
Aminopropyl 95 +  3 96 + 3 93 ±  6
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An examination of the retentive capability of the polar cartridges in Table 3.23 
showed that none of the pesticides were retained on the extraction columns. These results are 
consistent with those previously determined, which increases the feasibility of the matrix- 
sorbent approach to cleanup. The matrix evaluation showed that for both the aminopropyl and 
the diol cartridges, the initial eluent contained the same quantity of pesticide charged, 
signifying non-retention. It was also observed that this eluent was colourless, while the 
original sample extract was an intense yellow. The cartridge retained a yellow residue, which 
suggests that components from the matrix were retained on the sorbent, which were 
subsequently eluted with methanol. The sample blank also yielded a complete recovery. These 
evaluations of the polar SPE cartridges idicate that it is possible to remove the cereal matrix 
and yield a clean solution of the pesticide.
Experimental work to date has only examined the cleanup of a 1 ml aliquot of the 
sample extract which was diluted to 3 ml, from an original weight of 50 g of the bran. The 
capacity of the cartridges is the deciding factor in the efficiency of the sample cleanup 
procedure and it is necessary to evaluate this factor.
3.7.2.3 The Capacity of the Bond-Elut Sorbents
The capacity of a given sorbent is defined as the total mass of a strongly retained 
isolate that can be retained by a given mass of sorbent under optimum conditions. The Bond- 
Elut sorbents have capacity values ranging from 1 to 5% of the sorbent mass [Analytichem, 
1985]. In determining the amount of a given sorbent required for an extraction procedure, 
considerations need to be given to the capacity requirements of the isolate as well as to those 
of the undesired sample components that may retain with the isolate.
Bran extracts (Kellogg’s Bran Flakes, 50g) were prepared as illustrated in Figure 3.14 
and spiked with diazinon at a concentration of 10 fig m l'\ prior to the dilution to 3 ml. The 
20H  and NHj cartridges were both conditioned with 3 ml acetone which was followed by an 
application of a 1 ml aliquot of the spiked extract. This was repeated using a second 
cartridge, for each sorbent, and increasing the quantity of the extract solution to 1.5 ml. This 
procedure was repeated by increasing the application of the sample extract in successive 
amounts until the eluent appeared yellow in colour, indicating that the cartridge was unable 
to retain further quantities of the sample.
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It was observed that both the aminopropyl and the diol sorbents were only able to 
retain a volume of 1 ml of the extract, after which the eluent was tinged yellow. A complete 
cleanup of the whole sample extract was not effected, but this may be achieved by increasing 
the capacity of the cartridge sorbent from 500 mg to 1500 mg. However, such an option was 
not available as cartridges with sorbent masses exceeding 500 mg are not currently 
manufactured.
Previously, it was observed that extracts prepared in hexane do not require a complete 
elimination of the matrix (Section 3.7.1.3). However, it was noted that some elimination of 
the matrix was required to ensure that apparatus and instrumentation functioned efficiently 
throughout the study. The homogenization of the matrix with hexane followed by a partial 
cleanup through the use of aminopropyl or diol SPE cartridges appears to be a successfiil 
method for the extraction and cleanup of organophosphorus pesticides from cereal matrices. 
Figure 3.16 outlines the proposed procedure, but in order to fully assess this method recovery 
studies were conducted.
3.7.3 Recovery Studies of the Proposed Method for Cereal Foodstuffs
In evaluating the levels of recovery it was necessary to ensure that all of the 
detrimental components of the matrix were eliminated, without a resultant reduction in the 
recovery levels. The aminopropyl cartridges were used throughout the rest of this study for 
economic reasons, and since neither sorbent appeared to be superior in the work conducted 
to date.
A sample extract of the bran (50 g) was spiked with each of the twelve pesticides in 
turn to a final concentration of 1.5 fig ml*^  in hexane as described in Section 3.3.2. Samples 
were prepared in triplicate as outlined in Figure 3.16. Internal standard (1 fig ml*^  parathion- 
methyl or tributyl phosphate - dependant upon the organophosphorus analyte) was added to 
the extract prior to analysis by GC-FPD under the standard operating conditions. The results 
are reported in Table 3.24, where the spiking concentrations for the literature recovery studies 
are quoted in brackets.
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Figure 3.16 Hie Extraction and Cleanup Procedure for Organophosphates in Bran
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Table 3.24 Recovery Levels of the Organophosphate from Spiked Bran Flakes
Organophosphorus Pesticide Recovery Levels % 
Proposed Method
Recovery Levels % 
[Di Muccio, 1987]
Dichlorvos 84 +  3
Methacrifos 87 +  2 -
Diazinon 92 +  5 (0.10 - 1.0) 8 4 -9 8
Etrimfos 90 + 3 (0.2 - 2.0) 83 - 100
Disulfoton 87 +  3 -
Chlorpyrifos-methyl 84 + 2 (0.2 - 2.0) 90 - 98
Primiphos-methyl 85 + 2 (0.15 - 1.5) 81 - 102
Chlorpyrifos 82 +  4 (0.25 - 2.50 84 - 97
Bromofos 83 +  5 (0.30 - 3.0) 84 - 99
Bromofos-ethyl 8 1 + 3 (0.30 - 3.0) 80 - 88
Malathion 90 +  4 (0.5 - 5.0) 90 - 107
Fenitrothion 78 ±  3 (0.30 - 3.0) 86 - 100
No values are quoted for these pesticides
The levels of recovery for the proposed method range from 78 to 92% and were 
generally comparable to those observed in other studies [Di Muccio, 1987]. However, slight 
discrepancies were observed in the data for fenitrothion, chlorpyrifos and chlorpyrifos-methyl. 
In this study, the recoveries for these pesticides were slightly lower than those reported by 
Di Muccio. Losses are most likely incurred in the extraction stage of the process for these 
pesticides, however the results are extremely reproducible which suggests that the losses are 
consistent and may be corrected for. It may be concluded that the method developed in this 
study, was successful for the extraction and cleanup of organophosphorus pesticides from bran 
at the residue level. Furthermore, it was conluded that the proposed method may be applied 
to the evaluation of "real" sample matrices.
3.7.4 The Analysis of Breakfast Cereal and Flour Samples
The developed method was applied to the analysis of cereal foodstuffs obtained from 
commercial, retail outlets. A series of forty breakfast cereals and flours (see Appendix 1) 
were analyzed using the established procedure ;
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Samples of each cereal (50 g) were homogenized for a period of 10 minutes with 100 
ml hexane. The resultant mass was filtered under vacuum and the filtrate collected. The 
remaining residue was washed with a further 25 ml of the extraction solvent and the filtrates 
combined. The combined solution was concentrated on a rotary evapourator at 45°C to a 
volume of approximately 3 ml. Aminopropyl SPE cartridges (500 mg) were pre-conditioned 
with 3 ml acetone, prior to application of the sample concentrate. All elutions were collected 
in a 1 0  ml volumetric flask, internal standard (parathion methyl, 1  fig ml'^) added and the 
sample diluted to a final volume of 10 ml. Analysis was effected by GC-FPD on a 5% 
OV210 column, alongside comparative standard solutions.
Each sample was initially prepared and analyzed in duplicate under the established 
optimum conditions to qualitatively determine which of the foodstuffs were contaminated. The 
samples which were observed to contain organophosphorus pesticides, were then analyzed 
using a 3% 0V17 column at a temperature of 200°C in order to confirm the presence of 
specific organophosphorus pesticides. Tables 3.25 and 3.26 summarize the results of these 
preliminary analyses.
Table 3.25 Data from the Preliminary Analysis of the Cereal Foodstuffs on 5 %  OV210
Foodstuff Retention Time 
(mins)
Pesticides Assigned
Holly Mill Bran Breakfast 3.5 Pirimiphos-methyl
Jordans Crunchy Oat Cereal 2.3, 3.4 Etrimfos, pirimiphos-methyl
Kellogg’s All Bran 3.3 Pirimiphos-methyl
Sainsburys Wholewheat Bisk 2.2 Etrimfos
Tescos Bran breakfast 3.5 Pirimiphos-methyl
Jordan’s Strong White Flour 2.3, 3.4 Etrimfos, pirimiphos-methyl
Marriages Finest Self Raising Flour 2.3 Etrimfos
Mcdougalls Plain Light 2.2 Etrimfos
The final extract samples obtained from the developed procedure were all tinged 
yellow, including the white flours, but after passage through the SPE aminopropyl cartridge 
the colour intensity was greatly diminished. This initial experimentation established the 
presence of organophosphorus peaks in a number of the breakfast cereal and flour samples. 
The retention times determined for the sample and standard solutions on the OV210 column 
gave a preliminary indication as to the presence of two possible pesticides; etrimfos and 
pirimiphos-methyl. In order to establish the definitive presence of these pesticides,
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confirmation was conducted by exchanging the trifluoromethyl silicone (OV210) packed 
column for a phenylmethyl silicone (0V17). The different retention times on the 0V17 
column clearly confirm the presence of both etrimfos and pirimiphos-methyl in these 
foodstuffs.
Table 3.26 Data from the Preliminary Analysis of the Cereal Foodstuffs on 3% OV17
Foodstuff Retention Time 
(mins)
Pesticides Assigned
Holly Mill Bran Breakfast 5.8 Pirimiphos-methyl
Jordans Crunchy Oat Cereal 3.3, 5.8 Etrimfos, pirimiphos-methyl
Kellogg’s All Bran 5.9 Pirimiphos-methyl
Sainsbury’s Wholewheat Bisk 3.3 Etrimfos
Tescos Bran breakfast 5.7 Pirimiphos-methyl
Jordan’s Strong White Flour 3.2, 3.8 Etrimfos, pirimiphos-methyl
Marriages Finest Self Raising Flour 3.4 Etrimfos
Mcdougalls Plain Light 3.3 Etrimfos
Quantification of the observed residues was carried out through the preparation of 
fresh samples in triplicate. Calibration standards were prepared inconjuction with the samples 
for both etrimfos and pirimiphos-methyl in hexane, in the concentration range of 0.01 to 0.75 
fig m l'\ Parathion-methyl was employed as the internal standard at a concentration of 1 fig 
m l'\ The correlation coefficients of the data sets were found to be acceptable (etrimfos 0.997 
and pirimiphos-methyl 0.995) in order to quantify the results obtained.
Linear regression analysis was employed in the calculation of concentrations of the 
organophosphorus pesticide residues presented in Table 3.27, with the final residual levels 
calculated as ng g‘* of cereal. Figure 3.17 illustrates the presence of etrimfos in Sainsbury’s 
Wholewheat Bisk. The results indicate that bran is the cereal most contaminated with 
organophosphorus pesticides, which is in accordance with reports by other author’s [Wilkin, 
1981].
The daily intake of these pesticides was calculated using the concentrations determined 
in this study and the average consumption figures for breakfast cereals listed in Table 2.20. 
These results are also reported in Table 3.27.
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Table 3.27 Quantified Levels of the Pesticides Observed
Mean Concentration ng g*’
Contaminated Cereal Matrices Etrimfos Pirimiphos-methyl Mean Intake 
fig day^
Holly Mill Bran Breakfast N.D. 13.6 0.61
Jordans Crunchy Oat Cereal <  D.L. < D.L. N.D.
Kellogg’s All Bran N.D. 21.2 0.95
Sainsburys Wholewheat Bisk 28.7 < D.L. 1.29
Tescos Bran Breakfast N.D. 13.7 0.62
Jordans Strong White Flour < D.L. < D.L. N.D.
Marriages Finest Self Raising <  D.L. N.D. N.D.
Mcdougalls Plain Light <  D.L. N.D. N.D.
<  DL below the detection limit (observed but could not be quantified)
N.D. not detected
In the U.K., the MAFF Steering Group on Food Surveillance considers eight food 
groups as most likely to contain residues of organophosphorus pesticides; bread, 
miscellaneous cereals, fresh fruit, carcass meat, offals, green vegetables, other vegetables and 
milk [MAFF, 1991]. In the 1988-1990 Total Diet Study only three of these groups were 
found to contain organophosphorus residues; bread, cereals and fresh fruit.
The concentrations of etrimfos and pirimiphos-methyl detected in the bran products 
compare well with those reported by MAFF (etrimfos N.D. -10  ng g'  ^and pirimiphos-methyl 
N.D. - 13 ng g' )^ in the Total Diet Study. Other organophosphorus pesticides observed by 
MAFF included chlorpyrifos-methyl and malathion. However, the most commonly detected 
pesticide was found to be pirimiphos-methyl found solely in cereals with 60% of samples 
containing residues [MAFF, 1991], again this conforms to the results obtained in this work.
In comparing the concentrations of etrimfos and pirimiphos-methyl reported in Table 
3.27 to the maximum residue limits (MRLs) set by MAFF in Table 1.9 (10 fig g'^  for both 
etrimfos and pirimiphos-methyl), the results in this study were observed to be approximately 
1000 fold lower. Since the MRLs are set at the lowest possible level consistent with "good 
agricultural practices" [Ladomery, 1978], the results from this work suggest that the levels 
of organophosphorus pesticide residues in ready-to-eat breakfast cereals and flour products
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Figure 3.17 Etrimfos in Sainsburys Wholewheat Bisk
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are sufficiently low to be considered non-detrimental to human health by Governmental 
guidelines. The MRL’s used to evaluate the potential hazards of these pesticides, characterize 
the limit between food considered fit and unfit for consumption [Pieters, 1978]. In most cases 
the MRL is based upon the residue that can be expected after use of the pesticide in 
accordance with officially recommended procedures. These limits may be used in the 
assessment of food safety, as in this study, or in the protection of public health. They are 
based upon the evaluation of the entire toxicological data available at the time of derivation 
and are liable to revision either when additional data become available, or when data 
interpretation changes with increasing scientific knowledge. Continuous monitoring of the 
food supply is required to ensure that the levels of these pesticides does not exceed 
recommended limits at any point in time.
3.8 The Extraction of Organophosphorus Pesticides from Milk Samples
Milk is a complex mixture consisting of an aqueous emulsion of fat and a colloidal 
dispersion of proteins, together with the milk sugar lactose in solution. These major 
constituents are accompanied by minerals, notably Ca and P, vitamins and other minor 
organic compounds. The characteristic opaque colour of milk is attributable mainly to the 
dispersion of the milk proteins and calcium salts.
The importance of milk in the diet requires that every effort be made to ensure it is 
as free from pesticide contamination as possible [Henderson, 1964]. Processed milk and milk 
products have been reportedly contaminated with organophosphorus pesticide residues [Stijve, 
1984]. These residues are derived from cattle feed treated with organophosphorus pesticides 
during storage and in the fields prior to harvest, which is then consumed by livestock. 
Dichlorvos is a typical organophosphorus pesticide used on dairy cattle for controlling horn 
flies, stable flies and mosquitoes, which may culminate in its presence in milk, eggs and body 
tissue of cattle [Ivey, 1969].
The International Dairy Federation plan to develop a simple method for the 
determination of organophosphorus pesticides, but to date such a method is not available 
[Toyoda, 1990]. The greatest obstacle appears to be the difficulty in rapidly and 
quantitatively removing all residues from milk and then retrieving only the residues of 
interest. The polar nature of the organophosphates complicates this further [Blaha, 1985]. 
Several attempts have been made to develop a rapid analysis for pesticides in milk [Guiffrida, 
1966].
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The removal of proteins appears to be a relatively simple procedure via precipitation, 
but the fatty constituents create significant complications. The lipids interfere with the gas 
chromatographic determinations [Luke, 1984] and various methods have been developed to 
eliminate these contaminants; Eidelman [1962] developed a cleanup using dimethyl sulfoxide, 
after the fat was isolated which took six hours and could prove dangerous under certain 
conditions. McCulley [1964] reported a lengthy low temperature fat precipitation method 
which provided good recoveries, but was unsuitable for routine analysis. Onley [1966] 
demonstrated the use of calcium stearate to coagulate fatty constituents, but this method 
involved the use of an unstable extraction mixture and a time consuming double extraction. 
Rogers [1972] investigated the use of Micro Cel-E, an adsorbent to remove large quantities 
of extracted fat from residues. Although the method appeared to be a vast improvement over 
recommended procedures, the final extract contained unacceptable levels of coextracted fats.
Gel permeation chromatography GPC was first employed to remove fats from extracts 
by Griffith [1974] and has continued to be routinely used [Blaha, 1985; MAFF, 1991]. The 
involvement of specialized GPC equipment and the expertise required eliminated this 
technique from application in this study.
It should be noted that the physiochemical properties of milk are largely determined 
by the behaviour of the protein complex casein. Caseins are phosphoproteins precipitated 
from milk at pH 4.6 and most caesins are contained in micelles. The micelles of whole milk 
are particles with an average radius of approximately 100 nm. They consist of o:-casein and 
8 -casein stabilized by k-casein in association with Ca”"" and calcium phosphate, although the 
internal structure of the micelles is not fully established. Most of the soluble milk 
constituents, including the lipids, interact with the caesins. Milk fat is mainly composed of 
triacylglycerols which are present in milk as an emulsion in which fat globules are stabilized 
by a surrounding membrane composed of proteins and phospholipids. The fat globules also 
contain smaller amounts of cholesterol and fat soluble vitamins, mainly A and D. The 
intricate nature of milk means that the organophosphorus pesticides may be contained within 
the micelles or bound to any of the components of milk. Therefore, careful elimination of the 
proteins and fats is required to ensure that the pesticides are not lost or destroyed.
The methods of Ludwicki [1984], Luke [1984] and Toyoda [1990] have all been 
developed for routine application in the extraction and determination of organophosphorus 
pesticides in milk. However, all three methods require extensive preparation of milk samples 
prior to analysis. Solid phase extraction has been successfully employed for the cleanup of
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cereal foodstuffs (refer to Section 3.7.2). The rapid removal of coextracts in SPE, lends this 
technique towards improving the existing methodology for milk, through reducing sample 
preparation times and increased recovery levels. The experimentation involved in each of 
these three methods has been repeated as documented, in an attempt to evaluate the feasibility 
of the introduction of SPE into the existing methodology.
3.8.1 The Ludwicki Method for Organophosphorus Pesticides in Milk [Ludwicki, 1984]
The method of Ludwicki was evaluated in an attempt to verify its ability to extract 
organophosphorus pesticides from milk samples. The method was attempted using milk (Spar 
UHT fiill fat), with samples prepared in triplicate and individually spiked with 1 ml of 
dichlorvos, pirimiphos-methyl and malathion, to a concentration of 1  fig ml'^ .
Glass wool was placed into a 250 ml beaker with 10 ml milk and 20 ml acetone. The 
mixture was shaken and allowed to stand for a 15 minute period. The supernatant was 
subsequently filtered through a column of glass wool and collected in a separating funnel. The 
precipitate that formed was washed with acetone ( 3 x 5  ml) and the filtrates combined and 
shaken with dichloromethane (3 x 25 ml) for a period of 5 minutes. The combined organic 
extracts were collected and dried over anhydrous sodium sulphate for 30 minutes. The 
supernatant was filtered, collected in a round bottomed flask and concentrated to a volume 
of approximately 0.5 ml by rotary evaporation at a temperature of 42°C. The concentrate was 
mixed with acetonitrile (5 ml) and partitioned with hexane (5 ml). The acetonitrile - hexane 
partition was repeated twice more and the combined acetonitrile extracts concentrated at 42 °C 
to incipient dryness. The resultant residue was dissolved in ethanol (0.1 ml), internal standard 
(parathion-methyl 1.0 fig ml'^) added and diluted to 10 ml with deionised water. Figure 3.18 
summaries this procedure.
The results of the recovery study were calculated on the basis of peak height 
data obtained for standard solutions [Ivey, 1969] and are reported in Table 3.28.
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Figure 3.18 The Ludwicki Method for Organophosphorus Pesticides in Milk
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Table 3.28 Recovery Levels of the Organophosphorus Pesticide Residues from Milk
Organophosphorus
Pesticide
Recovery Levels % 
Full Fat Milk
Recovery Levels % 
Ludwicki, 1984
Dichlorvos 72 ±  3
Pirimiphos-methyl 81 +  4 -
Malathion 80 +  3 * 96.4
Results are quoted as average percent recovery for 3 trials +  O'
Percentage recoveries quoted at a fortification level of 1.0 fig ml \  
Percentage recoveries quoted at a fortification level of 0.1 ixg ml \
No recoveries were reported for these pesticides.
The recoveries of the organophosphorus pesticides were observed to be adequate, 
although the results for dichlorvos were slightly low. However, the malathion recovery was 
lower than that reported by Ludwicki, but the comparative coefficients of variation were 6.9% 
and 3.8% (this study). This indicates that this method was more reproducible than inferred 
in the original documentation. Nevertheless the lower recovery may only be attributed to 
losses occurring throughout the extraction process.
Proteins can be precipitated from aqueous solution by the addition of organic, water 
miscible solvents, e.g. methanol, ethanol, ethyl acetate. Acetone was employed as the 
precipitating solvents, as, with the other organic solvents, it lower the solubility of the 
proteins and causes the resultant precipitation. In this study, the addition of acetone to the 
milk sample resulted in the formation of a white precipitate, which on filtration yielded a pale 
yellow solution. The precipitation is a result of two factors; firstly the molecules of the non- 
aqueous solvent form hydrates, thus competing with the proteins for the water molecules. If 
this is successful the protein molecules become dehydrated and the protein is denatured. 
Secondly, the dielectric constant of the aqueous solution is lowered by the addition of a 
miscible, non-aqueous solvent. The forces of repulsion between charged molecules is reduced, 
with a resultant precipitation; the less polar the solvent, the greater its precipitating power 
[Henry 1974].
Once the protein content of the milk sample has been removed, a partition stage with 
dichloromethane is introduced to remove any residual aqueous-soluble coextracts. The
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partition of the filtrate with dichloromethane yielded a one phase system, which was dried 
over anhydrous sodium sulphate to eliminate all traces of water. Concentration to a minimum 
volume, as opposed to dryness, was required to ensure re-dissolution of the extract in 
acetonitrile. The addition of acetonitrile and the subsequent partition with hexane yielded an 
organic fraction that was intensely yellow in colour. The acetonitrile extract was observed to 
be virtually colourless, suggesting that the bulk of the contaminants concentrated in the 
hexane fraction. This second partition stage eradicates the lipids, which have a greater affinity 
for the fat solvent, hexane [Beroza, 1969]. Numerous authors have used this acetonitrile- 
hexane partition for the elimination of fats [Borough, 1964]. The final dissolution in 0.1 ml 
ethanol was required to prevent the formation of emulsions, which hinder quantification.
In summary, the method was found to be extremely lengthy with the 30 minute drying 
period considered to be excessive. Furthermore, recoveries were observed to be lower than 
anticipated. However, this method did have the advantage of being economical due to the 
limited quantities of solvents employed.
3.8.2 The Luke Method for Organophosphorus Pesticide Residues in Milk [Luke,1984]
The method of Luke was assessed in a similar manner to that used in the Ludwicki 
method. Milk samples (Spar UHT full fat) were again spiked individually with 1 ml of 
dichlorvos, pirimiphos-methyl and malathion, to concentration of 1 fxg m l'\ N.B. In each 
study conducted in section 3.8, internal standard was added prior to the final analysis, at a 
concentration of 1  }ig ml’^  (parathion-methyl for dichlorvos and pirimiphos-methyl and tributyl 
phosphate for malathion).
Milk (50 g) was weighed into a blender with aluminium oxide (20 g), 25 ml distilled 
water and 280 ml acetonitrile and mixed thoroughly for a period of 2 minutes. (N.B. The 
aluminum oxide, which is a principal adsorbent in chromatography [Ambrus, 1986] was 
standardized according to the procedure described by the Committee for Analytical Methods 
for Residues of Pesticides and Veterinary Products in Foodstuffs of the Ministry of 
Agriculture, Fisheries and Food [MAFF, 1979]). The solids were allowed to settle and then 
filtered through filter paper under suction. A 250 ml aliquot of the filtrate was transferred to 
a 1  litre separating funnel and 1 0 0  ml petroleum ether added and the mixture shaken for 30 
seconds. A solution of saturated sodium chloride (10 ml) was added along with 500 ml water. 
The flask was shaken for 1 minute and the layers allowed to separate. The lower aqueous 
layer was transferred to a second 1  litre separatory funnel containing 1 0 0  ml petroleum ether
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and shaken for a further 30 seconds. Again sufficient time was allowed for the two layers to 
separate and the aqueous layer was discarded. The two petroleum ether layers were combined 
and washed with distilled water (2 x 100 ml). The extract was dried using anhydrous sodium 
sulphate and concentrated to a volume of approximately 10 ml. Figure 3.19 summaries the 
procedure.
At this stage, the method requires that the sample is passed through a column of 
florisil and the pesticides eluted according to section 211 of the Pesticide Analytical Manual 
[FDA, 1982]. This additional cleanup stage was considered superfluous to requirements due 
to the specificity of the flame photometric detector in this study, in comparison to the 
electrolytic conductivity detector used by Luke, which is susceptible to interferences from 
contaminants [Luke, 1984].
Table 3.29 Recovery Levels of the Organophosphorus Pesticide Residues from Milk
Organophosphorus
Pesticide
Recovery Levels % 
Full Fat Milk
Recovery Levels % 
Luke, 1984
Dichlorvos 78 ± 4 80*
Pirimiphos-methyl 87 + 4 -
Malathion 82 +  3 -
Results are quoted as average percent recovery for 3 trials +  O’
Percentage recoveries quoted at a fortification level of 1.0 fig m l'\ 
Percentage recoveries are quoted at fortification levels of 0.1 fig m l'\ 
No recoveries were reported for these pesticides.
The recoveries from this experiment reported in Table 3.29 were found to agree well 
with those reported by the author and were observed to be superior to those observed in Table 
3.28. It may therefore be concluded that the Luke method was more reproducible than the 
Ludwicki method.
Aluminum oxide has long been used in the removal of oils and fats [Ambrus, 1981] 
and in this procedure. The single extraction was found to be successful. The addition of the 
aluminum oxide and the acetonitrile resulted in the formation of a precipitate, which had
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Figure 3.19 A Schematic of the Luke Method for Organophosphorus Pesticides in Milk
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an additionally greasy texture to that observed in the Ludwicki method, suggesting fat 
precipitation in conjunction with the protein. The filtration stage was conducted in the absence 
of a vacuum which was found to be redundant. The subsequent partition with petroleum ether 
is a reiteration of the acetonitrile-hexane stage of the Ludwicki method, as the use of the two 
water immiscible solvents is synonymous.
The sodium chloride solution was used to enhance the separation of the two 
immiscible layers and it is also reported to aid the displacement of the more polar pesticides 
from aqueous solvents [Blaha, 1985]. Concentration of the sample allowed for subsequent 
quantification, although the final concentrate was intensely yellow in colour, implying that 
an additional cleanup stage was required to inhibit column degradation. Florisil, which is the 
cleanup technique used in the method, has been reported as resulting in losses of the more 
polar pesticides [Luke, 1975] and is therefore considered to be detrimental. An alternate 
cleanup procedure to florisil may include SPE, which utilizes a variety of bonded silicas.
The method examined in this study was considered to be slightly shorter than the 
procedure examined in Section 3.8.1. However, this method still required extensive sample 
preparation with precipitation and partition stages an integral part of the procedure. The initial 
mass of milk (50 g) required the use of much larger volumes of solvent and generally this 
method was considered to be uneconomical for routine application.
3.83 The Toyoda Method for Organophosphorus Pesticides in Milk [Toyoda, 1990]
The method of Toyoda was assessed as in the procedures of Ludwicki and Luke. 
Milk samples (Spar UHT full fat) were spiked individually with 1 ml of dichlorvos, 
pirimiphos-methyl and malathion, to a concentration of 1  fig m l'\
A sample of milk (25 ml) was placed in a stoppered funnel with 50 ml acetonitrile 
and shaken vigorously for a 10 minute period. The acetonitrile layer was decanted into a 500 
ml separating funnel and the residual milk re-extracted with (2 x 50 ml) 70% acetonitrile - 
water. The solution was filtered and the extracts combined with the initial partition. Distilled 
water 100 ml and 5 g zinc acetate were added to the mixture and the solution shaken 
vigorously for 10 minutes. This was then filtered into a 1 litre separatory funnel containing 
200 ml 3% sodium chloride solution and 100 ml dichloromethane. The funnel was shaken for 
5 minutes and the dichloromethane layer dried over anhydrous sodium sulphate for 30 
minutes. The resultant solution was concentrated to a final volume of approximately 10 ml
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and internal standard (parathion-methyl 1 fig ml'^) was added. The results of this study are 
reported in Table 3.30. Figure 3.20 illustrates the procedure schematically.
Table 3.30 Recovery Levels of the Organophosphates from Spiked Milk.
Organophosphorus
Pesticide
Recovery Levels % 
Full Fat Milk
Recovery Levels % 
Toyoda, 1990
Dichlorvos 86 ± 2
Pirimiphos-methyl 88 ± 5 -
Malathion 91 ± 4 94.6
Results are quoted as average percent recovery for 3 trials +  a
Percentage recoveries are quoted at fortification levels o f 1.0 fig ml*'
No recoveries were reported for these pesticides.
The initial addition of acetonitrile resulted in a two phase separation between the milk 
and the solvent, which it is assumed was required to extract the less polar organophosphates. 
The addition of the acetonitrile-water mixture resulted in the formation of a precipitate, which 
may be attributed to the increased polarity of the solvent system through the inclusion of 
water. The precipitate was removed upon filtration and the subsequent addition of water and
zinc acetate led to the formation of insoluble particles. Zinc acetate eliminates fats through
the formation of insoluble zinc carboxyl at es which were again eliminated by a second 
filtration stage. Partition with dichloromethane was preferred to a hexane partition due the 
poor recoveries observed by the author. The final concentration yielded a colourless fraction 
which was analyzed readily.
The levels of recovery reported in Table 3.30 were found to be good, with the results 
for malathion agreeing well with reported values [Toyoda, 1990]. The recoveries from this 
method were also observed to exceed the values obtained by the other methods (Sections
3.8.1 and 3.8.2). In assessing recoveries alone this method appears to be superior to the 
procedures of Ludwicki and Luke. However, disadvantages have been observed in excessive 
sample preparation times and the large volumes of solvents required by the procedure.
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Figure 3.20 The Toyoda Method for Organophosphorus Pesticide Residues in Milk
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3.8.4 A Comparison of the Methods of Ludwicki, Luke and Toyoda
The three methods evaluated in this experimental section all use an amalgamation of 
solvents for the extraction of the organophosphorus pesticides from the milk samples. Each 
method uses a procedure to precipitate the protein content through the use of water miscible 
solvents, while the removal of fats is diverse; partition, reaction and adsorption, respectively. 
The recovery levels quoted by the authors for the three methods are as follows (N.B. the 
values obtained in this study are bracketed for comparison) Ludwicki specifies values for 
malathion as 96.4% (80%) and bromofos 86.3%; Luke quotes values for diazinon of 81%, 
dichlorvos 80% (78%) and parathion-methyl as 80%; Toyoda cites values for diazinon of 
88.7%, dimethoate 79.7% and malathion as 94.6% (91%). The comparative results obtained 
in this study for dichlorvos, pirimiphos-methyl and malathion using the three methods are 
graphically represented in Figure 3.21.
Figure 3.21 Comparative Methods for the Extraction of Residues in Milk
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The comparative results indicate that the Toyoda method was the most efficient in the 
extraction of the pesticides from milk, but all three methods have specific disadvantages. The 
Ludwicki method is complex and involves a number of intricate partition stages for the 
elimination of the coextracts, which allows for losses to occur. The Luke method, although 
simplified in this experimental section, does require an additional cleanup stage if non-specific 
detectors are employed, which would extend the overall extraction times. The toxicity of 
acetonitrile and the large volumes of solvent also limit the application of this procedure for 
routine analysis. The method of Toyoda is extremely time consuming due to the excessive 
filtration times incurred as a consequence of the substantial presence of water. This method also 
requires the use of large quantities of expensive solvents.
The implication of this comparative assessment is that a method which simplifies the 
overall extraction procedure, but retains recovery levels is necessary for the routine determination 
of organophosphorus pesticides in milk samples. The main objective of such a method would be 
to extract the majority of the pesticides in a limited number of steps, while simultaneously 
eliminating the bulk of the interfering coextract. The Ludwicki method appears to be the most 
apt for simplification, as the final sample dissolution in water, is an integral part of the 
procedure. This lends the method towards additional cleanup by solid phase extraction.
3.8.5 The Modified Ludwicki Method for Organophosphorus Pesticides in Milk
At this stage it is imperative to examine the Ludwicki procedure in order to assess 
simplification and the possibility of including a single solid phase cleanup step. The method 
involves four principal stages:
(a) Elimination of the protein matter.
(b) Partition with a water immiscible solvent to eliminate the more polar
interferences.
(c) Drying and subsequent concentration.
(d) Further partition to eliminate the fat content.
(a) Elimination of the protein matter
This is effected through the use of acetone which results in the formation of a coarse 
precipitate which is removed upon filtration. Alternatively acetonitrile may be used, which from
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organophosphates in the acetonitrile fraction. The extract is then concentrated and finally diluted 
with water. Previous studies (Section 3 .7 .2 .1 ) indicated that additional cleanup may be carried 
out on water-based samples, through the use of the non-polar C^ g SPE cartridges with methanol 
as the eluting solvent.
Ludwicki employed enzymatic detection for the analysis of the milk sample matrices. The 
use of the flame photometric detector in this study allows for an incomplete cleanup and 
therefore, the elimination of a number of steps. However, it is necessary to ensure that column 
deterioration does not occur.
3.8.5.1 The Ludwicki method - modified (1)
Milk (full fat UHT milk, 10 ml) was spiked with 1 ml of 10 /xg ml'^ of the required 
pesticide solutions prepared in hexane and stored as described in Section 3.3.3. The sample was 
allowed to reach room temperature and then shaken with 2 0  ml acetone, on a mechanical shaker 
for 10 minutes. The resultant solution was filtered (Whatman No. 1 filter paper) and collected 
in a 500 ml separating funnel. The precipitate was washed with a further 10 ml acetone, 
combined with the original filtrate and diluted with 15 ml DDW water. The sample was 
partitioned with 25 ml hexane for 2 minutes. The aqueous layer was discarded and the remaining 
hexane fractions partitioned with acetonitrile (2 x 25 ml). The acetonitrile fractions were collected 
and concentrated by rotary evaporation to a final volume of approximately 0 . 5  ml and the 
concentrate diluted with 10 ml water. This resultant solution was passed through a solid phase 
extraction cartridge, pre-conditioned with methanol. The eluant was discarded and the cartridge 
allowed to air dry. The pesticides were eluted with 3 ml methanol, internal standard (parathion- 
methyl or tributyl phosphate, 1 . 0  ^g ml’’) added, diluted to a final volume of 1 0  ml and analysis 
effected. Figure 3.22 summarizes the modified procedure and the results are reported in Table 
3.31.
Dichlorvos is extremely water soluble [Worthing, 1991] and losses were encountered in 
the water dilution of the original acetone extraction and the subsequent hexane partition. 
Preliminary investigations require the use of analytes readily extracted from the original matrix 
and thus, etrimfos replaced dichlorvos in this experimental section .
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the experimentation carried out in this study, appears to be as effective. A procedure has also 
been described in which a direct extraction of the organophosphorus pesticides from milk was 
attempted, without the disruption of the proteins. As a consequence of this the amount of fat 
extracted is limited, since the bulk of it is maintained within the internal structure of the protein. 
However, in using this approach problems may arise with the complete extraction of the 
organophosphorus residues, which may be contained within the micelles.
It appears that the initial step must alleviate the problems encountered due to the complex 
nature of the matrix, but the poor stability of the organophosphates in the presence of hydrolysing 
agents limits the use of aggressive chemicals. Therefore, initial attempts to simplify the Ludwicki 
procedure were limited and the milk proteins were removed through the use of acetone.
(b) Partition with a water-immiscible solvent
This partition is required to extract the pesticides from the aqueous content of the milk, 
while simultaneously eliminating the more polar interferences. In this method it is effected 
through the use of dichloromethane, but other partitioning solvents commonly used include 
hexane and petroleum ether [Blaha, 1985; MAFF, 1991]. Ludwicki initially partitions with 
dichloromethane, followed by a subsequent partition with hexane. In an attempt to reduce the 
losses from these fractionation stages, the dichloromethane stage was eliminated and the acetone 
was partitioned directly with hexane,
(c) Drying and subsequent concentration
The 30 minute drying stage is required to eliminate all further traces of water through 
the use of anhydrous sodium sulphate, although it has been reported that losses of some pesticides 
occur as a consequence of adsorption [Blaha, 1985]. This may be a source of the losses observed 
in Section 3.8.1 and since the final stage involves the dissolution of the extract in water, the 
drying stage was eliminated. By removing this step the sample preparation time has also been 
reduced dramatically. The sample is then concentrated to a minimum volume in order to aid the 
removal of fat,
(d) Further partition to eliminate the fat content
The acetonitrile-hexane partition is well documented for the removal of fats for both 
organochlorine and organophosphorus pesticides [Lawrence 1987]. The dissolution of the 
concentrate in acetonitrile allows extraction of the fat into the hexane layer, retaining the
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Figure 3.22 The Modified Ludwicki Method - (1)
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Table 3.31 Recovery Levels from the Modified Ludwicki Procedure - (1)
Organophosphorus
Pesticide
Recovery Levels % 
Full Fat Milk 
Modified (1)
Recovery Level % 
Full Fat Milk 
Ludwicki Original
Etrimfos 83 + 3
Pirimiphos-methyl 85 + 2 8 1 + 4
Malathion 82 + 3 80 +  3
Results are quoted as average percent recovery for 3 trials ±  a 
Percentage recoveries quoted at a fortification level of 1.0 ng ml L 
Not analyzed
Acetone eliminated the proteins as in the original Ludwicki procedure, but addition of 
hexane did not cause a resultant separation of the two layers. This was only achieved if the 
acetone filtrate was diluted with water, prior to the addition of hexane. This may be attributable 
to the fact that hexane and acetone are partly miscible, but hexane and water are not. Note that 
the introduction of water to the system induces the separation of the layers, but also resulted in 
an intermediate phase which was discarded. The hexane-acetonitrile partition and the final 
concentration were conducted without any visible difficulties. Final dissolution was effected with 
the formation of an emulsion, which passed directly through the SPE cartridge. Elution of the 
pesticides from the cartridge yielded a colourless extract.
Improved recoveries were obtained for the both pirimiphos-methyl and malathion in using 
this modified method. However, in order to improve recoveries further the modified procedure 
was re-assessed. Losses were observed to occur at the first separation stage in which the acetone 
fraction was partitioned with hexane. Increasing the number of extractions with hexane would 
probably increase the recovery levels, although the further problems may arise from the polar 
characteristics of the pesticides. The use of a hexane-dichloromethane mixture (9:1) may enhance 
overall recovery levels.
Losses were also observed to occur in discarding the intermediate phase from the first 
partition. The poor separation of the two layers may be improved through the use of a saturated 
solution of sodium chloride, which enhances separation of layers and also displaces the more 
polar pesticides [Blaha, 1985].
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3.8,5.2 The Modified Ludwicki Method - (2)
The above proposals were included in the following modified Ludwicki method (2) 
Figure 3.23. Milk (full fat UHT milk, 10ml) was spiked with 1 ml of 10 ml'  ^ of the 
required pesticide solutions prepared in hexane and stored as described in Section 3.3.3. The 
sample was allowed to reach room temperature and then shaken with 2 0  ml acetone, on a 
mechanical shaker for 10 minutes. The resultant solution was filtered (Whatman No. 1 filter 
paper) and collected in a 500 ml separating funnel. The precipitate was washed with a further 
10 ml acetone, combined with the original filtrate and diluted with a 15 ml solution of 
saturated NaCl. The mixture was carefully shaken and the solution partitioned with (2 x 25 
ml) hexane:dichloromethane (9:1) for 2 minutes. In each instance the aqueous layers were 
discarded and the remaining hexane fractions collected and combined. This was followed by 
subsequent partition of the organic fraction with acetonitrile (2 x 25 ml). The acetonitrile 
fractions were collected and concentrated by rotary evaporation to a final volume of 
approximately 0.5 ml and the concentrate diluted with 10 ml DDW. This resultant solution 
was passed through a C^ g solid phase extraction cartridge, pre-conditioned with 3 ml 
methanol. The eluant was discarded and the cartridge allowed to air dry. The pesticides were 
eluted with 3 ml methanol, internal standard (parathion-methyl or tributyl phosphate, 1.0 fig 
ml'O added, the sample diluted to a final volume of 10 ml and analysis effected. The results 
are reported in Table 3.32
Table 3.32 Recovery Levels of the Spiked Milk Samples from Ludwicki Modified - (2)
Organophosphorus Recovery Levels % Recovery Level %
Pesticide Full Fat Milk Full Fat Milk
Modified (2) Modified (1)
Etrimfos 86 +  2 83 + 3
Pirimiphos-methyl 88 +  4 85 +  2
Malathion 86 +  5 82 + 3
Results are quoted as average percent recovery for 3 trials +  a
Percentage recoveries quoted at a fortification level of 1.0 ng ml '.
The results again show an improvement in the recovery levels compared to the 
Modified - (1) method, by the increased number of initial partitioning stages and the superior 
separation of the aqueous and organic layers through the addition of NaCl.
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Figure 3.23 The Modified Ludwicki Method - (2)
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saturated NaCl solution
discard aqueous fraction
discard hexane fraction
transfer to a rotary evaporator
methanol pre-conditioned 
CIS SPE cartridge
allow the cartridge to air dry
elute the organophosphates with 
3 ml methanol
ANALYSIS
collect the elutions, add IS and 
dilute to a final volume of 10 ml
effect GC-FPD analysis under
th e  established condition
The sample preparation time has also been reduced through the elimination of the 30 
minute drying period and the two stages of partition-concentration. Overall this method is 
easier to implement than the original Ludwicki method. It is more economical in terms time 
and allows for the analysis of a larger number of samples.
3.8.5.3 The Matrix Capacity o f  the Ludwicki Modified - (2) Method
The overall experimental procedure is limited by the capacity of the method to extract 
the pesticides and its competency in eliminating the fat and protein components of the matrix. 
Unfortunately in organophosphorus residue analysis it is often necessary to examine larger 
quantities of the matrix in order to extract quantifiable levels of the residues, since the final 
analysis is dependant upon the detection limits of the instrumentation. Therefore, an 
evaluation of the matrix capacity of the system has been assessed by increasing the volume 
of milk extracted.
Samples of milk, 10, 20 and 30 ml (full fat UHT) were spiked individually with 1 ml 
of a 10 pg ml'* solution of etrimfos, pirimiphos-methyl and malathion. The samples were 
individually extracted using the procedure described in Figure 3.23 and the recovery results 
recorded in Table 3.33.
Table 3.33 Recovery Percentages from Increased Volumes of Milk Using the 
Ludwicki Modified- (2) Method
Organophosphorus Recovery Levels % Recovery Level %
Pesticide 10 ml Milk 20 ml Milk
Etrimfos 86 +  2 85 +  3
Pirimiphos-methyl 88 +  4 89 +  4
Malathion 86 +  5 85 +  2
Results are quoted as average percent recovery for 3 trials +  a
Percentage recoveries quoted at a fortification level of 1.0 fig ml '.
The 30 ml sample was found to completely obstruct the passage of the analyze 
through the C^ g SPE cartridge, while recovery levels of the 10 ml and 20 ml samples were 
comparable. It may therefore be assumed that an increase in the sample from 10 to 20 ml is 
possible without any adverse effects upon the extraction of the actual pesticides. However, 
it is important to ensure that the increased volume of milk does not increase interference 
effects.
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3.8,5.4 An Assessment o f Matrix Interferences Using the Ludwicki Modified - (2) Method 
In order to confirm that any interferences present are insignificant, a sample of UHT 
full fat milk (20 ml) was extracted using the developed method (Figure 3.23) and samples 
fortified to a final concentration level of 1 pg ml * of each pesticide, only after the final SPE 
cleanup and prior to the final dilution. Internal standardization (parathion-methyl or tributyl 
phosphate, 1.0 pg ml**) was employed in accordance with normal procedures.
Table 3.34 Recovery Levels in an Assessment of Matrix Interferences
Organophosphorus
Pesticide
Recovery Levels % 
Full Fat Milk
Etrimfos 97 ±  3
Pirimiphos-methyl 99 +  2
Malathion 96 +  3
Results are quoted as average percent recovery for 3 trials ±  a 
Percentage recoveries quoted at a fortification level of 1.0 fig ml'*.
The recovery levels in Table 3.34 indicate that there are obviously no matrix 
associated interferences remaining in the milk samples, after extraction and cleanup. It is 
therefore possible to conclude at this stage that the proposed method of extraction and cleanup 
is effective for samples of milk. The incomplete recoveries from the fortification of the 
original matrix are due to losses incurred throughout the separation procedure, i.e. the initial 
precipitation and the partitioning stages. The overall efficiency of the modified method in 
extracting the range of organophosphorus pesticides commonly observed in residual quantities 
on cereals was assessed by fortification of milk samples at a concentration of 0.5 pg ml *.
3.8.5.5 ’^Proposed Method: Recovery Studies from Milk Matrices"
Milk samples (20 ml) were each spiked individually with the pesticides at a 
concentration of 0.5 pg ml * in hexane. The samples were stored as described in Section 
3.3.3, stored overnight and allowed to reach room temperature prior to analysis. The matrices 
were extracted according to the procedure outlined in Schematic 3.23, concentrated and 
analyzed by GC-FPD. The results are reported in Table 3.35.
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Table 3.35 Recovery Levels from the Application of the Ludwicki Modified Method - (2)
Organophos phor us 
Pesticide
Recovery Levels % 
Modified Ludwicki
Recovery Levels % 
Literature
Dichlorvos 45 ±  8 97*
Methacrifos 74 +  2
Diazinon 86 ±  3 9 3 \ 8 1 \ 89^
Etrimfos 84 + 4
Disulfoton 7 9 + 2 80^
Chlorpyrifos-methyl 89 +  5
Pirimiphos-methyl 84 +  3
Chlorpyrifos 85 + 6
Bromofos 88 +  4 86^
Bromofos-ethyl 83 ±  2
Malathion 84 ±  2 8 5 \ 9 4 \ 96^
Fenitrothion 91 ±  4 942
Where the quoted references are 1 Ivey, 1985
2 Nishijima, 1984
3 Luke, 1984
4 Toyoda, 1990
5 Ludwicki, 1984
The overall recoveries utilizing the Ludwicki Modified Method - (2) are considered 
to be adequate (74% - 91%), with the exception of dichlorvos (45%), in comparison to levels 
quoted by other authors. The poor recoveries observed for the more polar pesticide, 
dichlorvos, were due to losses incurred in the initial partitioning stage between acetone and 
hexane-dichloromethane. Dichlorvos has a solubility of 10 g 1* in water and therefore, 
partitioning between the upper organic layer and the aqueous fraction is hindered, with the 
resultant consequence that a large proportion of the pesticide is discarded. Extraction of 
dichlorvos may be enhanced through the use of solvent systems with more favourable 
partition coefficients. Using a more polar, water immiscible solvent e.g. dichloromethane may 
improve recoveries. Substituting the hexane with a mixture of hexane-dichloromethane, in 
which there is a greater quantity of dichloromethane, may produce the required extraction 
efficiencies. Blaha et al applied a similar procedure in using three increasingly polar 
partitioning stages and observed recoveries for dimethoate of 94% [Blaha, 1985]. However 
this method was suitable for evaluation in this study as it employed additional cleanup by gel 
permeation chromatography.
2 0 0
In order to improve the recovery levels for dichlorvos, the method in Figure 3.23 was 
altered to increase the dichloromethaneihexane ratio from 1:9, to 2:8, 3:7, 4:6 and 5:5. Milk 
samples (20 ml) were spiked with dichlorvos as described in Section 3.3.3 and the results 
presented in Figure 3.24.
Figure 3.24 Increasing the Polarity of the Partition Solvent Mlixture for Dichlorvos
0.43 
Ratio of Dichloromethane to Hexane
It is obvious that increasing the polarity of the partitioning solvent has enhanced the 
recovery levels. However, in this work it was observed that the quantity of dichloromethane 
may only be increased to a certain level (3 ml to 7 ml hexane) before partition does not 
result. This may be explained by the fact that as the relative polarity of the extraction solvents 
increases, the miscibility of the solvents increases and the ability for the solvents to partition 
diminishes.
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In summary, the modified procedure for the organophosphorus pesticide residues has 
recovery levels comparable to literature methods, but with considerably reduced extraction 
periods. It is possible that the introduction of acetonitrile as the protein denaturing solvent 
may further reduce analysis times as successfully applied by Toyoda [Toyoda, 1990]. A 
direct partition between acetonitrile and hexane (or hexane:dichloromethane) may then be 
effected to eliminate the non-polar coextracts, with the aim of retaining the pesticides in the 
acetonitrile fraction. However, problems were envisaged with the toxicity of acetonitrile and 
the probability that the more polar coextracts may not be eliminated successfully. As a 
consequence no further attempts were made to modify the procedure.
3.8.6 The Analysis of Fresh Milk Samples
Milk samples purchased from local retail outlets (listed in appendix 1) were analyzed 
using the modified Ludwicki procedure. Sample analysis was conducted using GC-FPD, 
under the optimized conditions established in Section 3.4.3. Results indicated that no peaks 
corresponding to the organophosphorus pesticides were observed, which is in accordance with 
current information available on the subject of organophosphorus pesticide residues in milk.
The spray application of pesticides is seasonal and this method provides a simplified 
procedure for the continuous monitoring of organophosphorus pesticides in milk samples.
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CHAFTERIV CONCLUSIONS
The first aim of this work was to assess mineralization procedures for the digestion 
of cereal products (ready-to-eat breakfast cereals and flours) and fresh milk samples for 
essential, non-essential and toxic elements by ICP-MS; namely Na, Mg, Ca, Mn, Fe, V, Cr, 
Ni, Co, Cu, Zn, Rb, Sr, Cs, Mo, Cd and Pb. Instrumental operating parameters were 
optimised using a synthetic solution of 100 ng ml * of Be, In and Pb in order to provide the 
best detection limits for example 12.5 pg ml * for Sr, 18.5 pg ml * for Zn and 310 pg ml * for 
Ca. Under these conditions precision values of 5% or less were generally observed for most 
elements and non-spectroscopic interferences by the major electrolytes, Na, K, Ca, Mg, Cl 
and P were observed to be insignificant.
The conventional dry and wet ashing procedures were assessed for the cereal 
foodstuffs along with the more recent approach involving the use of a microwave. The dry 
digestion procedure was perceived to incur elemental losses, while the microwave procedure 
required excessive operator attention. Consequently, a wet digestion technique using HNO3, 
followed by a ten-fold dilution was devised. Similarly for the milk samples, the dry ashing 
procedure was observed to incur significant losses and consequently, a wet mineralization 
procedure using a combination of HNO3, HCIO4 and HgOg followed by a twenty-fold dilution 
was employed. Samples were assessed for homogeneity prior to testing the digestion 
procedures for reproducibility, interferences, recovery and accuracy.
Homogeneity studies suggested that cereal samples of 0.2 g in mass or greater and 
a 1 ml aliquot of milk were representative of the foodstuff. The reproducibility of the 
experimental procedures was evaluated by comparing the observed variance from the analysis 
of 10 replicate samples with the estimated variance from ANOVA procedures. Significant 
differences at the 95% level were only observed for V, Cr and Se in the cereals and Ti, Cr, 
Mn and Se in the milks. The discrepancy in the data for Ti, V and Cr was attributed to 
polyatomic interferences, while the inconsistency in the Se and Mn data was a function of 
peak tailing from bromine and iron, respectively. Matrix interferences were assessed through 
standard addition studies and concluded to be insignificant for the elements assessed in both 
types of foodstuff. The observed percentage recoveries varied between 80.7% for Mn to 
115.4% for Na however, lower recoveries were obtained for Ti, V and Cr which were 
ascribed to the non-uniform heating of samples. Accuracy was assessed through the use of 
the international standard reference materials NIST:SRM 1567a Wheat Flour and NIST:SRM 
1549 Non-Fat Milk Powder. The results of the analysis of the Wheat Flour provided good 
agreement between certified and calculated elemental concentrations for Na, Mg, Ca, Mn, 
Fe, Cu, Zn, Rb, Mo and Cd (for Zn typically 11.6 ±  0.4 certified compared to 11.1 ±  0.1
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pg g'* experimental). Corresponding results were obtained for Na, Mg, Ca, Fe, Co, Cu, Zn, 
Rb, Mo and Cd in the analysis of the Non-Fat Milk Powder (for Fe typically, 1.78 ± 0 . 1  
certified compared to 1.75 ±  0.4 pg g * experimental). On the basis of these experimental 
assessments it was concluded that these elements could be determined accurately in their 
respective matrices. It may also be inferred that the measurement of Ni, Sr and Cs is also 
likely to be accurate from the reproducibility, standard addition and recovery assessments 
conducted, as certified data is currently unavailable for these elements. The analysis of lead 
in both foodstuffs was prone to error from the poor resolution of the quadrupole mass 
spectrometer at the higher mass end of the spectrum.
The final elemental analysis was conducted by sub-dividing the foodstuff into the 
following categories; wholewheat, wheatbran, rice, oats and corn breakfast cereals; white, 
brown, wholemeal and organic flours; full fat, semi-skimmed, skimmed, enriched and organic 
milk. The elemental content of the breakfast cereals was found to be extremely diverse, even 
within the sub-divisions. The wheat based products contained the highest concentrations of 
Na (1420 to 3060 pg g *). Mg (620 to 3280 pg g'*), Ca (740 to 2080 pg g’*), Cu (1.37 to 
3.82 pg g'*) and Zn (10.6 to 56.8 pg g'*). However, sodium concentrations are liable to 
excessive variations due to added salt concentrations. The iron content of the different cereals 
(9.2 to 19.8 pg g'*) was consistent in comparison to other minerals, but this may be associated 
with the fortification of this element. The mineral concentration of the bulk elements in the 
flour samples was observed to be significantly lower than that of the breakfast cereals 
typically, Na (1.4 to 64.5 pg g'*). Mg (29 to 143 pg g'*), Ca (71 to 388 pg g'*). This was 
related directly to the effects of the milling and grinding processes involved in the production 
of flours. The same diversity in the elemental concentrations of the breakfast cereals was not 
observed for the flour samples. The white, brown, wholemeal flours used in this are all 
products of wheat flour and consequently the variations should only be related to the extent 
of refining of the grain. The results of the milk analysis indicate that the data for Na, Mg, 
Ca, Fe, Ni, Cu, Zn Rb and Sr is fairly consistent between the different varieties of milk. The 
results for the three foodstuffs compare well to other studies by other authors, which suggests 
that the methods employed in this work were accurate.
The calculated elemental compositions were used to assess the percentage of the 
reference nutrient intake (RNI) available from each of the three food groups, using 
Department of Health RNI values and MAFF food consumption figures. The results were 
limited to elements for which RNI values have been established, namely Na, Mg, Ca, Cu and 
Zn. Suggested estimates have been employed in the assessment of Cr, Mn and Mo. (The
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mineral intake from flour samples was related to the dietary consumption of bread). All data 
are presented as percentages of the RNI values for the requirements of a male aged 19-65 
years.
The results indicated that the average consumption of enriched milk, was able to 
provide 12.8 to 13.5% Na. Similarly, fresh milk generally supplied between 38.5 to 72.4% 
Ca and 14.8 to 16.8% Zn. Wholewheat breakfast cereals contributed the greatest quantities 
of Mg (9.3 to 57.0%) and bran cereals the most Mn (257 to 462%). However, the total 
consumption of bread contributed the vast amounts of Cr (163 to 226%), Fe (13.2 to 15.4%), 
Cu (15.0 to 42.0%) and Mo (56 to 214%). The results for Cr, Mn and Mo appear to be 
unusually high, but cereals are the major sources of these elements and the calculated values 
appear to reflect their natural elemental abundancies. However the Cr results may be 
inaccurate due to polyatomic interferences. The presence of contaminants was limited to Cd 
and Pb where their daily intake, 0.36 to 7.18 pg and 0.39 to 12.38 pg respectively, are 
consistent with MAFF total diet studies of these foodstuffs.
The second aim of this study was to develop simplified methods for the extraction of 
organophosphorus pesticide residues from the breakfast cereal, flour and milk samples for 
analysis by GC-FPD. The instrumental operating conditions were optimised to obtain the best 
parameters for column and detector performance using standards of dichlorvos, pirimiphos- 
methyl and malathion. Detection limits ranging from 0.025 to 2.5 pg ml * were obtained for 
the range of organophosphorus pesticides to be evaluated.
The traditional approach of solvent extraction was employed in the extraction of 
organophosphorus residues from cereal products. Initial investigations using acetone and 
hexane provided comparative results. However, matrix interferences were evident in acetone 
extracts as sample masses were increased. No interferences were visible in the hexane 
extracts, although an integrated cleanup was necessary to prevent column deterioration. It was 
established that aminopropyl solid phase extraction cartridges effectively eliminated the bulk 
of the matrix, providing a relatively "clean" solution for analysis. Recoveries from the 
sorbent were excellent (95 to 98%) and from the application of the whole method ranged 
from 78 to 92%. Analysis of the breakfast cereals and flours indicated that of the forty 
samples only 4 contained quantifiable levels of the contaminants; etrimfos and pirimiphos- 
methyl. The levels for etrimfos ranged from N.D. to 28.7 ng g'* and pirimiphos-methyl N.D. 
to 2 1 . 2  ng g *.
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The extraction of organophosphorus pesticides from milk samples was more intricate 
due to the complex nature of the matrix. Three documented procedures were assessed in an 
attempt to evaluate the feasibility of simplifying the extraction of organophosphates from 
milk. All three methods were hindered from routine application by the constraints of time, 
but attempts to simplify the Ludwicki method were undertaken. Proteins in milk samples were 
precipitated by acetone and the resultant filtrate partitioned with a hexane:dichloromethane 
mixture (9:1). The organic extract was concentrated, diluted with water and passed through 
methanol pre-conditioned Cjg SPE cartridges. Matrix interferences in the resultant solution 
were found to be insignificant and recoveries ranged from 74 to 91%, with the exception of 
dichlorvos (45%). This disparity appears to be ascribed to the polar nature of dichlorvos and 
attempts to improve recoveries by increasing the polarity of the partition solvent yielded an 
ensuing increase in recovery (60%). However, attempts to increase the hexane: 
dichloromethane ratio above 7:3 resulted in inadequate partition between the organic and 
aqueous fractions. Analysis of the fresh milk samples using the devised method, indicated that 
any contamination by the organophosphorus pesticides was below the detection limits of this 
instrument.
In summary, ICP-MS can be routinely used in the multielemental analysis of 
foodstuffs such as breakfast cereals, flours and fresh milk samples, after sample digestions 
steps are undertaken. This work provides data for the multielemental composition of breakfast 
cereals, flour and milk samples. Although the results were in good agreement with recent 
literature values, other studies have not provided such a comprehensive listing of the elements 
present in foods consumed by the public. Limited data is also currently available on the 
contribution of individual foodstuffs to elemental requirements and this study has to some 
extent broached this subject. However, continued research on the biochemical uptake of these 
elements is required in order to fully establish the competency of various foods to supply 
daily nutritional requirements. This study has also involved the development of simplified 
methods for the extraction of organophosphorus pesticides from cereal and milk matrices. The 
recovery levels from these methods correspond well to published values, but sample 
preparation times were reduced considerably. These methods provide a simplified means for 
the continuous or selective monitoring of organophosphorus pesticides in these foodstuffs.
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APPENDIX I
THE COMMERCIAL FOODSTUFFS
BREAKFAST CEREALS
Familia Birchermuesli
Holly Mill Bran Breakfast
Jordans Crunchy Oat Toasted Cereal
Jordans Organic Puffed Rice
Jordans Organic Wholewheat and Raisins
Just Naturally Fruit and Fibre
Kelloggs All Bran
Kelloggs Bran Flakes
Kelloggs Corn Flakes
Kelloggs Rice Crispies
Lima Corn Flakes
Ryvita High Fibre Enriched Cornflakes 
Sainsburys High Fibre Bran 
Sainsburys Mini wheat 
Sainsburys Wholewheat Bisk 
Shreddies
Sunwheel De-luxe Muesli 
Tescos Bran Breakfast 
Weetabix
FLOUR SAMPLES
Copperfield Unbleached Self Raising flour
Homepride plain flour
Homepride self raising flour
Homepride wholemeal self raising flour
Jordans strong white plain flour
Jordans plain brown flour
Jordans plain brown self raising flour
Jordans wholemeal plain flour
Jordans strong wholemeal plain flour
Lurgashall Mill stoneground wholemeal flour
Marriages finest plain flour
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Marriages finest self-raising flour 
Marriages finest strong flour 
Marriages plain brown flour 
Marriages wholemeal self raising flour 
Mcdougalls plain light flour 
Mcdougalls strong white flour 
Mcdougalls wholemeal self raising flour 
Organic produce wholemeal flour 
Waitrose organic plain flour
M ILK SAMPLES
Breakfast milk from Guernsey and Jersey Cows
Organic pasteurised milk
Sainsburys half fat milk
Sainsburys fresh pasteurised milk
Sainsburys fresh pasteurised homogenized milk
Spar UHT skimmed milk
Spar UHT semi-skimmed milk
Spar UHT fll fat milk
Waitrose pasteurised skimmed
Waitrose pasteurised semi-skimmed enriched with vitamins A and D 
Waitrose pasteurised semi-skimmed 
Waitrose pasteurised Channel Islands
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ISOBARIC INTERFERENCES IN ICP-MS
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APPENDIX n i
THE ANALYSIS OF VARIANCE
The analysis of variance (ANOVA) is an extremely powerful statistical technique 
which can be used to separate and estimate the different causes of variation. It is a method 
of comparing more than one population mean and by which all differences in sample means 
are judged statistically significant or not significant by comparing them with a measure of the 
random variation within the population data [Ott, 1984]. The t-test is commonly employed 
for testing the equality of two population means based upon independent random samples 
from the two populations. Two normal populations (1 and 2) with means denoted by /Xi and 
of independent random samples of size n^  and ng respectively. In order to test the null 
hypothesis that =  fi2:
X . -  Xr,
% A  + A
J2l 222
where
 ^ (^ 1 - 1) s i + (Z!; - 1) S2 
- 2
is the pooled estimate of the common population variance In the assessment of the 
reproducibility of the digestion procedures it is necessary to test the population means (i.e.
=  ^ 4  = Ms =  Me = = Ms = i^ 9  =  Mio)- If the ten distributions are
approximately normal, with a common variance it is possible to conduct the t-test with 
each pair. The disadvantage of running multiple t-tests to compare means is that the 
probability of incorrectly rejecting at least one of the hypotheses increases as the number of 
tests increase. To extend this method to test the equality of more than two population means 
the more general analysis of variance test is required. A single test of the hypothesis "all ten 
population means are equal" is effected by firstly calculating the pooled standard deviation 
Sw^ , which is merely an extension of the Sp^  value for the t-test. The W denotes a measure 
of the variability of the observations within the ten populations.
^ 2   ^ (22j^  -  l ) 5 i  + (222 -  1)  Sg + ................................(22^th ~
” + ^2 + ..................................... -  -n
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It is then necessary to consider a quantity that measures the variability the population 
means. To assess this variation, the distribution of the mean of a sample of five (or three) 
observations in repeated sampling is required. From the Central Limit Theorem, the sampling 
distribution of x will have a variance of a^/5. Since there are ten different samples of five 
observations each, the variance (f/5 can be estimated from;
%2 _ (330 :
c 2  _  1 0
1 0 - 1
So five times the sample variance of the means is an estimate of This estimate of 
is designated by Sg ,^ where B denotes a measure of the variability between the sample 
means. The ratio of Sg^  / Sw  ^follows an F distribution where the degrees of freedom can be 
shown to be df  ^ =  9 for Sg^  and df^ = 40 for S^^.
When the null hypothesis is true, both Sg^  and S^^ are estimates of d  and F is 
expected to assume a value close to F = 1 .  When the hypothesis is false, the value of Sg^  
exceeds that of due to the differences in population means. The null hypothesis will be 
rejected in the upper tail of the distribution. Calculated values of F are compared to tabulated 
values at the 95% (0.05) confidence limit.
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